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ABSTRACT

We present a grid of radiation transfer models of axisymmetric young stellar objects (YSOs), covering a wide range
of stellar masses (from 0.1 to 50 M,,) and evolutionary stages (from the early envelope infall stage to the late disk-only
stage). The grid consists of 20,000 YSO models, with spectral energy distributions (SEDs) and polarization spectra
computed at 10 viewing angles for each model, resulting in a total of 200,000 SEDs. We have made a careful assessment
of the theoretical and observational constraints on the physical conditions of disks and envelopes in YSOs and have at-
tempted to fully span the corresponding regions in parameter space. These models are publicly available on a dedicated
Web server. In this paper we summarize the main features of our models, as well as the range of parameters explored.
Having a large grid covering reasonable regions of parameter space allows us to shed light on many trends in near- and
mid-IR observations of YSOs (such as changes in the spectral indices and colors of their SEDs), linking them with phys-
ical parameters (such as disk and infalling envelope parameters). In particular, we examine the dependence of the spec-
tral indices of the model SEDs on envelope accretion rate and disk mass. In addition, we show variations of spectral
indices with stellar temperature, disk inner radius, and disk flaring power for a subset of disk-only models. We also
examine how changing the wavelength range of data used to calculate spectral indices affects their values. We show
sample color-color plots of the entire grid as well as simulated clusters at various distances with typical Spitzer sen-
sitivities. We find that young embedded sources generally occupy a large region of color-color space due to inclination
and stellar temperature effects. Disk sources occupy a smaller region of color-color space but overlap substantially with
the region occupied by embedded sources, especially in the near- and mid-IR. We identify regions in color-color space
where our models indicate that only sources at a given evolutionary stage should lie. We find that, while near-IR (such as
JHK) and mid-IR (such as IRAC) fluxes are useful in discriminating between stars and YSOs, and are useful for
identifying very young sources, the addition of longer wavelength data such as MIPS 24 pm is extremely valuable

for determining the evolutionary stage of YSOs.

Subject headings: astronomical data bases: miscellaneous — circumstellar matter — infrared: stars —
polarization — radiative transfer — stars: formation — stars: pre—main-sequence

Online material: color figures

1. INTRODUCTION

An explosion of infrared data on star formation regions is being
collected by the Spitzer Space Telescope and will continue to be
collected by future missions such as the Herschel Space Obser-
vatory and the James Webb Space Telescope. Despite its modest
size (0.85 m), Spitzer is much more sensitive and has higher spa-
tial resolution than previous infrared observatories (Wemer et al.
2004). It is also very efficient and has mapped a substantial frac-
tion of the star formation regions in the Galaxy using the Infrared
Array Camera (IRAC) (3.6, 4.5, 5.8, and 8 um; Fazio et al. 2004)
and the Multiband Imaging Photometer for Spitzer (MIPS) (24,
70, and 160 pm; Rieke et al. 2004) instruments. For example, the
GLIMPSE (Benjamin et al. 2003) and MIPSGAL (PI: Carey)
Legacy surveys are mapping over 150 square degrees of the inner
Galactic plane; the Cores-to-Disks (c2d) Legacy project has sur-
veyed five nearby large molecular clouds (Evans et al. 2003); and
several projects are surveying the Orion molecular cloud (Megeath
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et al. 2005b), the Taurus molecular cloud (Hartmann et al. 2005),
the Large Magellanic Cloud (LMC; Chu et al. 2005; Meixner et al.
2006) and Small Magellanic Cloud (SMC), and many other
well-known star formation regions (e.g., Gutermuth et al. 2004;
Megeath et al. 2005a; Allen et al. 2006; Sicilia-Aguilar et al.
2006). These data can be combined with other surveys, such as
the 2MASS near-infrared all-sky survey (Skrutskie et al. 2006),
expanding the wavelength coverage of the observed YSOs.
Our particular goal is to characterize YSOs in the Galaxy using
the GLIMPSE and MIPSGAL surveys, as well as in the LMC us-
ing the SAGE survey, and to determine the timescales of various
evolutionary stages as a function of stellar mass and location in the
Galaxy. Ultimately, we hope to provide an independent estimate of
the star formation rate and efficiency in the Galaxy and the LMC.
To help analyze the SEDs of YSOs we developed radiation
transfer models (Whitney et al. 2003a, 2003b, 2004). The well-
known classification for low-mass YSOs uses the spectral index
o (the slope of logyAF; vs. log;,/ longward of 2 um) to clas-
sify a source as embedded (o« > 0; Class 1), a disk source (—2 <
a < 0; Class 1), or a source with an optically thin or no disk
(a < —2; Class IIT) (Lada 1987). However, our models indicate
that the spectral index and the colors of a YSO in certain wave-
length ranges are not always directly related to its evolutionary
stage. For example, an edge-on embedded protostar can have a
decreasing slope in the narrow wavelength range of 2—10 pm if
the flux is dominated by scattered light (edge-on disks exhibit sim-
ilar behavior; Wood et al. 2002b; Grosso et al. 2003). In addition,
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the temperature of the central source also affects the colors in this
wavelength range, as does the location of the inner radius of the
disk: hot stellar sources and large inner disk holes can produce red
colors in a star + disk source (see § 3.4).

In an attempt to improve our physical understanding gained
from interpreting the SEDs of the many sources found in these
surveys, many of which only have JHK, IRAC, and MIPS 24 pm
data, we plan to fit observed SEDs using a large grid of precom-
puted model SEDs. This grid attempts to encompass a large range
of stellar masses and YSO evolutionary stages. We sampled the
model parameters based on both theory and observations (see
§2.2). This paper describes our publicly available grid of models.
A companion paper (Robitaille et al. 2007) describes the method
used to fit observed SEDs using the grid of models. The ad-
vantages of fitting precomputed SEDs to data, even in the fairly
narrow wavelength range mentioned above, are that (1) one makes
use of all available data simultaneously without loss of informa-
tion (2) the uniqueness or nonuniqueness of a fit is immediately
apparent from the range of model parameters that can fit a given
SED, and (3) it is an efficient technique when used with large
data sets as the model SEDs do not have to be computed for
each source. In § 2 we describe the grid of models. Section 3
shows results from the grid, including sample SEDs, polarization
spectra, and color-color plots, as well as an analysis of spectral
index and color-color plot classifications. Finally, in § 4 we make
concluding remarks.

2. THE GRID OF MODELS
2.1. The Radiation Transfer Code
2.1.1. Brief Description of the Code

The Monte Carlo radiation transfer code used for this grid of
models includes nonisotropic scattering, polarization, and ther-
mal emission from dust in a spherical-polar grid, solving for the
temperature using the method of Bjorkman & Wood (2001). This
code is publicly available.® The circumstellar geometry consists of
a rotationally flattened infalling envelope (Ulrich 1976; Terebey
etal. 1984), bipolar cavities (Whitney & Hartmann 1993; Whitney
etal. 2003a) and a flared accretion disk (Shakura & Sunyaev 1973;
Pringle 1981; Kenyon & Hartmann 1987; Chiang & Goldreich
1997; D’ Alessio et al. 1998; Dullemond et al. 2001). The luminos-
ity sources include the central star and disk accretion. The code
and the model geometries are described in detail in Whitney et al.
(2003a, 2003b).

As discussed in § 2.2, the various model parameters are sam-
pled in order to produce a range of evolutionary stages. For ex-
ample, the envelope accretion rate decreases over time, the bipolar
cavities become wider, the dust in the cavities less dense, and the
disk radius increases during the early accretion from the envelope.

2.1.2. Dust Grain Models

Our grain models contain a mixture of astronomical silicates
and graphite in solar abundance, using the optical constants of
Laor & Draine (1993). The optical properties are averaged over
the size distribution and composition. Thus, we do not separate
the heating and emission properties of different grain sizes or com-
position. This could affect the thermal and chemical properties
in the inner regions of the disk (Wolf 2003), but its effect on the
SED is expected to be relatively minor (Wolf 2003; Carciofi et al.
2004).

The grain properties vary with location in the disk and envelope
as follows: the densest regions of the disk (75, > 10'* cm ™) use a

> See http://www.astro.wisc.edu/protostars.

TABLE 1
THE 14 PARAMETERS VARIED FOR THE 20,000 YSO MOoDELS

Parameter Description
My Stellar mass
R, ... Stellar radius
Y AT Stellar temperature
Mepy ... Envelope accretion rate
RI¥™ ... Envelope outer radius

Peavity «+-- Cavity density

Ocavity - Cavity opening angle
Maisi ... Disk mass (gas + dust)
RS ... Disk outer radius

Disk inner radius

Disk accretion rate
Disk scale height factor
Disk flaring angle
Ambient density

grain model with a size distribution that decays exponentially for
sizes larger than 50 pm and extends up to 1 mm; this grain model
fits the SED of the HH30 disk (Wood et al. 2002b). This is the
same as the “Disk midplane” grain model described in Table 3 of
Whitney et al. (2003a). The rest of the circumstellar geometry uses
a grain size distribution with an average particle size slightly larger
than the diffuse ISM, and a ratio of total-to-selective extinction
Ry = 3.6. This is the “KMH” model (Kim et al. 1994), referred
to as the “Outflow” model in Table 3 of Whitney et al. (2003a).
Dust grains in embedded regions of Taurus show evidence for fur-
ther grain growth, with Ry ~ 4 in the densest regions (Whittet
et al. 2001), but recent models of near-IR images of Taurus pro-
tostars show that larger grain models are not well-distinguished
from ISM grains (Wolf & Hillenbrand 2003; Stark et al. 2006;
Gramajo et al. 2006). Grains in molecular clouds also show evi-
dence for ice coatings (e.g., Boogert & Ehrenfreund 2004; Knez
et al. 2005), which are not included in our models.

2.1.3. Stellar Photospheres

The spectrum of the central source for each model is depen-
dent mainly on its temperature and to a lesser extent its surface
gravity. For stellar temperatures below 10,000 K, we used model
stellar photospheres from Brott & Hauschildt (2005), while for
stellar temperatures above 10,000 K we used model stellar pho-
tospheres from Kurucz (1993). In both cases we assumed solar
metallicity. For each YSO model, we interpolated the stellar pho-
tospheres to the relevant temperature and surface gravity.

2.1.4. Model Parameters

Technically speaking, the set of models we present in this
paper does not form a “grid,” since the parameters are randomly
sampled within ranges. However, we will refer to the set of mod-
els as a “model grid,” since this is a useful descriptive term.

The 14 model parameters are shown in Table 1. Fortunately,
only a few parameters are important at a given evolutionary stage.
For example, in the youngest stages, the disk is hidden beneath the
envelope: the disk inner radius, accretion rate, and to a lesser ex-
tent disk mass are the main disk parameters that affect the 1-8 pm
fluxes. The presence of an inner disk is required to produce
mid-IR flux and to obscure the central source at edge-on viewing
angles, but the dust properties in the disk and the amount of flar-
ing do not have an important effect on the mid-IR SED. At these
young stages, the most important parameters for the whole SED
are the envelope accretion rate, the opening angle of the bipolar
cavities, the inclination to the line of sight, the disk/envelope
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inner radius, the stellar temperature, and to a lesser extent the
disk mass. At later stages, when the envelope has mostly dis-
persed, the most relevant parameters for the SED are the disk
inner radius, accretion rate, mass, and flaring (or dust settling)
(Kenyon & Hartmann 1987; Lada & Adams 1992; Chiang &
Goldreich 1997; D’Alessio et al. 1998; Furlan et al. 2005).

The details of the parameter sampling are given in § 2.2. It is
important to note at this point that we are not suggesting our own
model of evolution for YSOs. Instead, our aim is to provide model
SEDs for stages of evolution that have been suggested by theory
or observations. Furthermore, we do not follow several objects
throughout their evolution, but instead we sample possible evo-
lutionary stages and stellar masses randomly.

2.1.5. Output of the Radiation Transfer Code

The output from the code presented here consists of flux and
polarization spectra for 250 wavelengths (from 0.01 to 5000 pm),
computed at 10 viewing angles (from pole-on to edge-on in equal
intervals of cosine of the inclination) and in 50 different circu-
lar apertures (with radii from 100 to 100,000 AU). Since each
one of the 20,000 models produces an SED (flux vs. wavelength)
for each viewing angle and aperture, our grid of models contains
10 million SEDs. The code can produce images at specific view-
ing angles, but we did not compute these in the current grid as
doing so would increase the CPU time required. However, the
50 apertures from 100 to 100,000 AU amount to a spherically av-
eraged intensity profile for each viewing angle of each model.

We have convolved all our models with a large number of com-
mon filter bandpasses ranging from optical to submillimeter wave-
lengths, including for example optical (e.g., UBVRI ), near-IR (e.g.,
2MASS JHK), mid and far-IR (e.g., IRAC, MSX, IRAS, MIPS),
and submillimeter (e.g., Scuba 450 and 850 pm) filters. We will
expand the range of filters used to convolve the SEDs as requested
by users. The polarization spectra have a lower signal-to-noise
than the SEDs, so we smooth them before convolving with broad-
band filter profiles.

For the grid of models presented here, we ran each model with
20,000,000 “photons” (energy packets; Bjorkman & Wood 2001).
This produces SEDs with good signal-to-noise ratios for wave-
lengths spanning 1-100 xm (however, we note that the signal-to
noise may also be good outside this range). The wavelength range
at which a model SED has a good signal-to-noise depends on the
evolutionary stage of the YSO: SEDs may be noisy at wave-
lengths shorter than 1 ;sm, but with a good signal-to noise at sub-
millimeter wavelengths for young embedded sources, or be noisy
and at wavelengths longer than about 100 ym and with a good
signal-to-noise at optical and near-UV wavelengths for low-mass
disks. Figure 1 shows the median noise levels as a function of
wavelength (using the SEDs measured in the largest aperture).
We provide estimated uncertainties on our SEDs so that they are
still usable in most wavelength ranges. The SEDs can be rebinned
to a lower wavelength resolution to reduce these uncertainties. Fu-
ture versions of the grid will include higher signal-to-noise SEDs
as well as images.

The time taken for each model to run varies with optical depth
and covering factor of circumstellar material as seen from the
radiation source. A disk model typically takes an hour to run on a
3 GHz Intel processor, and an embedded protostar can take 10 hr.
The total CPU time for the entire model grid, which was run
on three different clusters, was approximately 65,000 hr (or roughly
three weeks using approximately 60 CPUs).

The grid of models is available on a dedicated Web server (see
footnote 5). This includes SEDs and polarization spectra for each
inclination and aperture of each model. Various components of
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FiG. 1.—Median fractional (1 o) error of the flux values for all 200,000 SEDs.
For zero fluxes, a fractional error of 100% was used. The dashed line indicates the
level of 2% uncertainty and shows that the median error of our models is less than
this in the range 1-100 pm.

the SED can be viewed separately, such as the flux emitted by the
disk, star, or envelope, the scattered flux, and the direct stellar flux,
as described in § 3.2. Fluxes and magnitudes for common filter
functions are also available.

2.2. Sampling of the Model Parameters

In the following section we present a detailed description of
the parameter sampling. It is not possible to explore parameter
space in its entirety in a completely unbiased manner. Therefore,
we have had to make arbitrary decisions concerning the ranges
of parameter values. The parameter ranges covered by the grid of
models span those determined from observations and theories
and can be divided into three categories: the central source pa-
rameters (stellar mass, radius, and temperature), the infalling en-
velope parameters (the envelope accretion rate, outer radius, inner
radius, cavity opening angle, and cavity density), and the disk
parameters (disk mass, outer radius, inner radius, flaring power,
and scale height). Also included is a parameter describing the am-
bient density surrounding the YSO.

All the masses, mass accretion rates and densities for the disk
and envelope parameters assume a gas-to-dust ratio of 100. Note
that the results can be scaled to different gas-to-dust ratios since
only the dust is taken into account in the radiation transfer. For
example, a disk with a total mass of 0.01 M, in a region where
the gas-to-dust ratio is 100 will produce the same SED as a disk
with a total mass of 0.1 M, in a region where the gas-to-dust ratio
is 1000 (such as a low-metallicity galaxy or perhaps the outer
Milky Way). In addition to disk masses, the following param-
eter values should be rescaled accordingly in regions where the
gas-to-dust ratio is not 100: the envelope accretion rates, disk accre-
tion rates, cavity densities, and ambient densities. Note that it is
only necessary to rescale the parameter values and that it is not
necessary to rerun the radiation transfer models.

2.2.1. The Stellar Parameters

The parameters for the 20,000 YSO models were chosen using
the following procedure. First a stellar mass M, was randomly
sampled from the following probability distribution function:

1 1 dM,

M* dM* = .
/M) log,10 log, M, — log, M, M,

(1)
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Fig. 2.—Values of the central source mass M, and evolutionary age ¢, for
the 20,000 models. Each point represents one model.

The masses were sampled between M| = 0.1 M and M, =
50 M. This produced a constant density of models in log; M,
space. Following this, a random stellar age #, was sampled from
a similar probability distribution function:

1 1 dt,
S)dt, = ————r —-. (2)
Sl 2

The ages were sampled between fyi, = 103 yr and fpax =
107 yr. This distribution produced a density of models close to
constant in log; % space, but with a slight bias toward larger
values of ¢,. This was done to avoid a deficit of disk-only mod-
els. In cases where the resulting values of the stellar age were
greater than the combined pre—main-sequence and main-sequence
lifetime of the star (estimated from the sampled masses M,), the
age was resampled until it was within the adequate lifetime. The
values of M, and ¢, for the 20,000 models are shown in Figure 2.

For each set of M, and ¢, the values of the stellar radius R, and
temperature 7, were found by interpolating pre—main-sequence
evolutionary tracks (Bernasconi & Maeder 1996 for M, > 9 M;
Siess et al. 2000 for M, <7 My; a combination of both for
7 M, < M, <9 M). The values of T, and R, are shown in
Figure 3. It is important to note that the evolutionary age of the
central sources is not a parameter in the radiation transfer code

1000
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and was only used to get a coherent radius and temperature as
well as approximate ranges of disk and envelope parameters.
Any errors in the evolutionary tracks can easily be accommo-
dated by the large range of parameter values allowed at a given
age. Furthermore, it is always possible to reassign a stellar source
age to a model if it is found that a different set of evolutionary
tracks is more appropriate for pre—main-sequence stars.

Once the stellar parameters were determined, these were used
to find the disk and envelope parameters. Since there exists no
exact relation between the parameters of the central star and those
of the circumstellar environment, we sampled values of the var-
ious parameters from ranges that are functions of the evolutionary
age of the central source, as well as functions of the stellar masses
in certain cases. These ranges were based on theoretical predic-
tions and observations.

2.2.2. The Infalling Envelope Parameters

The (azimuthally symmetric) density structure p(r, 0) for the
rotationally flattened infalling envelope is given in spherical
polar coordinates by (Ulrich 1976; Terebey et al. 1984)

Menv r -3/2 m -1/2
p(ﬁe):ﬁ(R—) 1+ —
47 (GM,R?) e Ho

-1
x <ﬁ " 72“02&) , 3)

Ho r

where M., is the envelope accretion rate, R, is the centrifugal
radius, pt = cos 0 (0 is the polar angle), and 1, is cosine of the
angle of a streamline of infalling particles as » — oo. The cen-
trifugal radius R, determines the approximate disk radius and
flattening in the envelope structure. We solve for p, from the equa-
tion for the streamline:

o + to(r/Re — 1) — p(r/Rc) = 0. 4)

The range of values sampled for each of the envelope parameters,
as well as the final parameter values, are shown in Figure 4.

2.2.2.1. Envelope Accretion Rate

We sampled values of M. /M, from an envelope function that
is constant for ¢, < 10* yr (Shu 1977; Terebey et al. 1984), de-
creases between 105 and 106 yr (Foster & Chevalier 1993; Foster
1994; Hartmann 2001, p. 237), and goes to zero around 10° yr
(Young & Evans 2005). The range of accretion rate values

10% ——rrrm

7

i

1000 Lol
1000  10* 10° 10° 10’
Age of central source (yr)

Fic. 3.—Values of the central source radius R, (/eft) and temperature 7, (right) as a function of evolutionary age for the 20,000 models. These values were derived

from the central source mass and evolutionary age using evolutionary tracks.
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Fic. 4—Envelope parameters as a function of the evolutionary age for the 20,000 models. For the envelope accretion rate (fop left), the solid lines show the range that
was sampled from, for models with M, < 20 M. For models with M, > 20 M., we sampled from the same range of Moy as a20 M, model, leading to lower values of
Mny/M,. The dashed line shows the lower limit of Me,,/M, values for models with M, > 20 M. For the envelope radius (top right), the dashed lines represent the
original range that was sampled from, for a 1 M, central source. For the opening angle of the bipolar cavities (bottom lef?), values above 60° were reset to 90°. For the
cavity density (bottom right), the values were sampled between the two solid lines; subsequently, any value of the cavity density that was smaller than the ambient

density was reset to the ambient density.

M/ M, at a given time is 2 orders of magnitude wide, and the
values were sampled uniformly in log M.,,/M,. The average val-
ues were chosen to match estimates of low-mass (Adams et al.
1987; Kenyon et al. 1993a, 1993b; Whitney et al. 1997) and
high-mass YSOs (Wolfire & Cassinelli 1987; Osorio et al. 1999;
Omukai & Palla 2001; Churchwell 2002; Yorke & Sonnhalter
2002; McKee & Tan 2003; Bonnell et al. 2004). In cases where
this value fell below 10~°(M,/M,)"* yr~!, the envelope was dis-
carded, and the YSO model was considered as a disk-only model.
Finally, for stellar masses above 20 M, the envelope accretion
rate was sampled from the same range of M., as a 20 M, model,
so that the largest value of My, /M, is 5 x 10~% yr~ 1.

2.2.2.2. Envelope Outer Radius

To find the envelope outer radius, we first calculated the ap-
proximate radius at which the optically thin radiative equilibrium
temperature falls to 30 K (Lamers & Cassinelli 1999, p. 452):

1 T 2.5
Ry = =R, [ == :
) (30 K) ®)

We then sampled a random value for RJ%* uniformly in log R

space between Ry x 4 and Ry/4 (the latter to account for trun-
cation by tidal forces in clusters). The initial range of values for
a 1 M, star is shown as an example in Figure 4. In cases where
RM - 105 AU, R™ was set to 10° AU. In cases where R™* <

env env env

103 AU and Ry x4 > 103 AU, we resampled R™* between

env

10° AU and Ry x 4. Finally, in cases where Ry x 4 < 10° AU,
R™ was set to 10° AU.

env
2.2.2.3. Envelope Cavity Opening Angle

In the current grid of models we use a cavity shape described
in cylindrical polar coordinates by z = cww?, where w is the ra-
dial coordinate. For all of our models, we fix d = 1.5, and taking
the cavity opening angle 0.ayity to be that for whichz = R, cis

given by RIZ/(RIE tan Ocavity). The cavity opening angié was
sampled from a range of values increasing with evolutionary age,
as indicated by observations of cavities and outflows in Class 0
and Class I protostars (Zealey et al. 1993; Chandler et al. 1996;
Tamura et al. 1996; Lucas & Roche 1997; Hogerheijde et al. 1998;
Velusamy & Langer 1998; Bachiller & Tafalla 1999; Padgett
et al. 1999; Beuther & Shepherd 2005; Shepherd 2005; Arce &
Goodman 2001; Arce & Sargent 2004; Arce & Sargent 2006;
Arce et al. 2006; Ybarra et al. 2006). In cases where the cavity
angle was larger than 60°, it was reset to 90°, assuming that the
envelope is mostly dispersed at this stage of evolution.

2.2.2.4. Envelope Cavity Density

The density of gas and dust in the envelope cavity was sampled
from a range of values following a decreasing function of time,
1 order of magnitude wide, with values ranging between 10~2% and
8 x 1072% g cm™3. These values correspond to molecular number
densities of gy, = 3 x 10" — 2 x 10* cm ™~ that are typical of ob-
servations of molecular outflows (e.g., Moriarty-Schieven et al.
1995a, 1995b). In cases where the cavity density was lower than
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Fic. 5—Ambient density as a function of the central source mass M,. A
lower limit of 10722 g cm~3 was used.

the ambient density of the surrounding medium (described in the
next paragraph), the cavity density was reset to the ambient den-
sity. The cavity density is assumed to be constant with radius from
the central source for simplicity (as one would expect from a cy-
lindrical outflow with a constant outflow rate).

2.2.2.5. The Ambient Density

The infalling envelope is assumed to be embedded in a constant
density ISM. This surrounding ambient density can contribute to
the extinction, scattering, and thermal emission of the circumstel-
lar dust, especially in high-luminosity sources, which can heat up
large volumes of the surrounding molecular cloud. In disk-only
sources and low-mass YSOs, the contribution from the ambient
density is small, although often nonzero. This can be seen on our
Web site in disk-only models by selecting the contribution from
the envelope (in this case, the ambient density) to the SED. We
sampled this density between 1.67 x 10722(M, /M) g cm™> (or
10-22 g cm ™3, whichever was largest) and 6.68 x 10-22(M, /M)
g cm~3, corresponding to values in the range ny, ~ 50—
200 (M,/M) cm~3 (see Fig. 5). This is consistent with typical
densities of nyg, ~ 100 cm—3 observed in molecular clouds (e.g.,
Blitz 1993).

2.2.3. The Disk Parameters

For the disk structure, we use a standard flared (azimuthally
symmetric) accretion disk density (Shakura & Sunyaev 1973;
Lynden-Bell & Pringle 1974; Pringle 1981; Bjorkman 1997;
Hartmann et al. 1998):

R (O SR

where 4 is the disk scale height, which increases with radius as
h oc w®, Bis the flaring power, and a = 3 + 1 is the radial den-
sity exponent. The disk scale height at the dust sublimation ra-
dius is set to be that for hydrostatic equilibrium, multiplied by a
factor zg,tor. This factor can be smaller than 1 if there is gas or
other opacity inside the dust destruction radius, decreasing the
amount of stellar flux incident on the inner wall; or it can be used
to mimic dust settling, as described in the disk structure paragraph
in this section. The normalization constant py is defined such that
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the integral of the density p(zw, z) over the whole disk is equal to
Misk. The values for all the disk parameters are shown in Figure 6.

2.2.3.1. Disk Mass

The disk mass was sampled from Myis/M, ~ 0.001-0.1 at
early evolutionary stages, and a wider range of masses between 1
and 10 Myr. This allows for disk masses of ~0.001-0.1 M, typ-
ically observed in low-mass YSOs, whether during the early in-
fall phase or during the T Tauri phase (e.g., Beckwith et al. 1990;
Terebey et al. 1993; Dutrey et al. 1996; Kitamura et al. 2002;
Looney etal. 2003; Andrews & Williams 2005), higher disk masses
around high-mass YSOs, and disk masses down to Mgig/M, =
10~3 after 1 Myr to allow for the disk dispersal stage.

2.2.3.2. Disk Outer Radius and Envelope Centrifugal Radius

In a rotating and infalling envelope, material near the poles
has little angular momentum and will fall near to or onto the cen-
tral source. In contrast, infalling material close to or along the
equatorial plane will have the most angular momentum and will
fall to a radius R, in the equatorial plane, where R, is the centrif-
ugal radius (e.g., Cassen & Moosman 1981; Terebey et al. 1984).
Therefore, the centrifugal radius is usually associated with the
outer radius of the circumstellar disk. We sampled values of
R, between 1 and 10,000 AU, following a time-dependent range
of values that allows for smaller radii in younger models. Theo-
ries indicate that the centrifugal radius will grow with time, if the
infalling envelope was initially rotating as a solid body (e.g.,
Adams & Shu 1986). In Taurus, disk sizes can be imaged directly
(Burrows et al. 1996; Padgett et al. 1999) and are typically a few
hundred AU for both Class I and II sources. Large disks have
been indicated around high-mass stars (see recent review article
by Cesaroni et al. 2006 for an exhaustive list); however, some of
these observations may have been detecting the envelope toroid,
which is typically twice as big as the centrifugal radius in our
models. Most observations of massive YSOs suggest typical disk
sizes of roughly 500-2000 AU.

For disk-only models, the disk outer radii were sampled from
the same time-dependent range of values as that used for the cen-
trifugal radius for models with infalling envelopes. Subsequently,
two-thirds of disk-only models saw their outer radius truncated.
To do this, we reset the disk outer radius to be randomly sampled
between 10 AU and the centrifugal radius. This was done to ac-
count for the possible truncation of the outer regions of disks in
dense clusters due to stellar encounters or photoevaporation (see,
e.g., observations by Vicente & Alves 2005, who find that only
~50% of disks in the Trapezium cluster are larger than 50 AU; see
also simulations of cluster formation by Bate etal. 2003). The disk
masses for these models were then recalculated by assuming the
original density structure and removing the truncated mass (not re-
calculating the disk mass could lead to unrealistically dense disks
with small outer radii).

2.2.3.3. Disk (and Envelope) Inner Radius

For all models, the envelope inner radius was set to the disk
inner radius. For one-third of all our models, the disk inner radius
was set to the dust destruction radius Ry, empirically determined
to be (Whitney et al. 2004)

R = R*(Tsub/T*)iz'l, (7)

where we adopt Ty, = 1600 K as the dust sublimation tempera-
ture. In the remaining two-thirds of models, the inner disk/envelope
radii were increased. This was done in order to account for bi-
nary stars clearing cavities in envelopes in young sources (e.g.,
Jorgensen et al. 2005), and binary stars or planets clearing out
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flaring power (3 (center right) was sampled as a function of R} between the two solid lines. The disk scale height factor zgcor (bottom left) was sampled as a function of R}
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before outer disk truncation from between the two solid lines, and the points below the line are models for which the outer disk radius was truncated, shifting these models to
lower values of Ry The disk accretion rate (bottom right) was not sampled directly, as instead we randomly sampled the values of auigk between 1073 and 10~". This plot

shows the values of Mi/M, calculated by the code (using eq. [8]).

the inner disk in disk models (Lin & Papaloizou 1979a, 1979b;
Artymowicz & Lubow 1994; Calvet et al. 2002; Rice et al. 2003).
For these models, the disk and envelope inner radius were sampled
between the dust destruction radius and 100 AU (or the disk outer
radius in cases where this was less than 100 AU). The disk masses
for these models were then recalculated (as for the disk outer radius).

2.2.3.4. Disk Structure

The disk flaring parameter (§ and the scale height factor zg,cior
were sampled from a range that depends on the disk outer radius.
For large disks, the average 3 decreases to prevent geometries
that resemble envelopes with curved cavities (which would con-

fuse the interpretation of the SEDs). Both parameters 8 and zgyetor
together can be used to mimic the effects of dust settling (i.e., low
values of (3 and zg,cior can be an indication that dust has settled
toward the disk midplane), and (3 can also be used to describe var-
ious degrees of disk flaring (Kenyon & Hartmann 1987; Miyake
& Nakagawa 1995; Chiang & Goldreich 1997; D’Alessio et al.
1998, 2006; Furlan et al. 2005).

2.2.3.5. Disk Accretion Rate

In order to sample different disk accretion rates, we sampled
values of the disk agisx parameter (Shakura & Sunyaev 1973;
Pringle 1981) logarithmically between 10~ and 10~". The disk
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accretion rate is calculated in the radiation transfer code using
(Pringle 1981; Bjorkman 1997)

Misk = V18T agisk Vepohy /R, (8)

with the critical velocity V. = (GM,/R,)"2. Accretion shock lu-
minosity on the stellar surface is included following the method
of Calvet & Gullbring (1998). Average disk accretion values are
based on the literature (e.g., Valenti et al. 1993; Hartigan et al.
1995; Hartmann et al. 1998; Calvet et al. 2004).

2.2.4. Caveats for the Current Set of Models

We now point out approximations of our model grid that will
be addressed in future versions.

1. Accretion from the envelope is not accounted for as a lumi-
nosity source (as distinct from disk accretion luminosity, which
is included). This is likely only important in the very youngest
sources, which may not be detected at near-IR wavelengths. In the
inside-out collapse model (Shu et al. 1987), infall occurs from
further out in the envelope as time proceeds. In a rotating enve-
lope, this material has more angular momentum and thus impacts
further out in the disk, liberating smaller amounts of accretion
energy. Once enough mass builds up in the disk to cause it to be
gravitationally unstable, large accretion events may occur through
the disk (Kenyon et al. 1990; Hartmann et al. 1993; Hartmann
& Kenyon 1996; Vorobyov & Basu 2005; Green et al. 2006).
Therefore, if this scenario applies in most sources, the stellar
and disk accretion luminosity included in our models should be
adequate.

2. The models in this grid do not include multiple source
emission (although the radiation transfer code has this capabil-
ity). We partially account for this by allowing for large inner en-
velope and disk holes at all evolutionary stages, which is probably
the main effect of a binary system. Whether one or two sources il-
luminates an envelope from the inside likely has little effect on the
emergent SED, but the size of the inner hole created by a binary
star system has a large effect on the SED (Jorgensen et al. 2005).
Currently, our inner holes are completely evacuated. Future ver-
sions of the grid will have partially evacuated inner holes that
could affect the mid-IR SED.

3. The envelope geometry is assumed to be dominated by
free-fall rotational collapse. This is a good approximation in the
inner regions because rotation and free-fall likely dominate over
magnetic effects (Galli & Shu 1993; Desch & Mouschovias 2001;
Nakamura et al. 1999; however, see Allen et al. 2003 for a dis-
cussion of magnetic braking), and observations of radial intensity
profiles are consistent with free-fall collapse (Chandler & Richer
2000; van der Tak et al. 2000; Beuther et al. 2002; Mueller et al.
2002; Young et al. 2003; Hatchell & van der Tak 2003). In the
outer regions, magnetic fields, turbulence, and other nonideal ini-
tial conditions could affect the density distributions (Foster &
Chevalier 1993; Bacmann et al. 2000; Whitworth & Ward-
Thompson 2001; Allen et al. 2003; Goodwin et al. 2004; Galli
2005). However, the mid-IR fluxes are most sensitive to the inner
envelope, bipolar cavities, and disk geometries.

4. The shape of the outflow cavities and density distributions
are uncertain. We are working with theorists and observers to
improve our understanding of these.

5. The current grid of models does not include heating by the
external interstellar radiation field. This is an important heating
source for very low-luminosity sources ( Young et al. 2004) and
was recently shown to be important for the temperature structure
and chemistry of high-mass protostellar envelopes (Jorgensen
et al. 2006).
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6. The current grid of models does not include brown dwarfs
or brown dwarf precursors.

7. Our dust models do not include ice coatings. In addition, our
debris disk dust models are probably not appropriate. These will be
improved in the next grid of models, in collaboration with experts in
these areas (e.g., Ossenkopf & Henning 1994; Wolf & Hillenbrand
2003; Wolf & Voshchinnikov 2004; Carpenter et al. 2005).

8. The code does not account for PAH or small-grain contin-
uum emission, which can contribute to mid-IR emission in YSOs
with hot central stellar sources (Ressler & Barsony 2003; Habart
et al. 2004).

9. The flared disk geometries used here may not be appro-
priate for the very high-mass sources where photoionization can
drive a wind and essentially puff up the disk (Hollenbach et al.
1994; Lugo et al. 2004).

10. The stellar evolutionary tracks that we use are for canon-
ical nonaccreting pre—main-sequence stars (Bernasconi & Maeder
1996; Siess et al. 2000). As mentioned in § 2.2, the evolutionary
tracks are not crucial in the sense that they are only used to get
approximate values of consistent stellar radius and temperature
for a star of a given mass and approximate evolutionary “age.”

11. Massive, luminous stars with large inner dust holes (due
to the large dust destruction radius) may have optically thick gas
inside the dust hole, which we do not account for. This would
add more near-IR flux from the hotter gas.

12. A different geometry may be necessary for very massive
dense stellar clusters; that is, we should include a cluster of stars
embedded in an envelope rather than one star (Zinnecker et al.
1993; Hillenbrand 1997; Clarke et al. 2000; Sollins et al. 2005;
Allen et al. 2006).

13. Examination of our grid of models shows a jump in 4y in
high-mass sources between those without envelopes and those
with even low-density envelopes. This is due to the fact that we
set a floor to the envelope density at the ambient density, and the
outer radii of envelopes around high-luminosity sources are large.
This was intentional to account for the fact that high-luminosity
sources heat up large volumes of'the surrounding molecular cloud.
However, we did not consider the fact that high-mass sources can
also disperse material with their stellar winds. Our future grids will
allow the ambient density to go lower to account for effects such
as wind-blown cavities and dispersed interstellar medium.

14. Since the emergent flux from the Monte Carlo code is
binned into direction (in equal intervals of cos ), it is effectively
averaged over a finite range in angle. If the SED changes rapidly
with angle, for example, in a geometrically thin edge-on disk
source viewed near edge-on, these effects will be washed out.
Even though the edge-on angle bin has a fairly narrow range (from
87° to 93°), more flux emerges from 87° and 93° than from 90°,
and the “edge-on” SED, centered on 6 = 90°, will reflect that of a
slightly less edge-on source. In future grids, we will calculate
SEDs at specific outgoing angles, removing this averaging effect.

We plan to address all of these issues in future versions of the
grid of models. We also hope to get suggestions for other improve-
ments from theorists and observers alike. However, we believe the
current model grid should be adequate to model a large range of
stellar masses and evolutionary stages, with the exception of very
low-luminosity sources (L < 0.2 L) and sources in very dense
clusters (n > 1000 stars pc~3).

3. RESULTS AND ANALYSIS
3.1. Evolutionary Stages

As mentioned in § 1, YSOs are traditionally grouped into three
“Classes” according to the spectral index « of their SED, typically
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Fic. 7—Example SEDs from the grid. (a, b, ¢) SEDs for three different ~0.2 M, objects at Stages I, II, and III of evolution, respectively. (d, e, ') SEDs for three
different ~2 M, objects at Stages I, II, and III of evolution, respectively. (g, &, i) SEDs for three different ~20 M objects at Stages I, 11, and 111 of evolution, respectively.
Each plot shows 10 SEDs, one for each inclination computed (solid lines), as well as the input stellar photosphere to each model (dashed lines). As the stellar masses and
evolutionary ages of the models are randomly sampled, the top, center, and bottom panels only show examples of possible evolutionary sequences.

measured in the range ~2.0-25 pum (Lada 1987). In addition,
Class 0 objects are taken to refer to sources that display an SED
similar to a 30 K graybody at submillimeter wavelengths, with
little or no near- and mid-IR flux (Andre et al. 1993).

The spectral index classification (Class) can sometimes lead to
confusion in terminology, as it has in many cases become synon-
ymous with evolutionary stage; yet, the same object can be clas-
sified in different ways depending on viewing angle. For example,
an edge-on disk can have a positive spectral index that would
make it a Class I object; and a pole-on “embedded” source might
have a flat spectrum, rather than a rising one (Calvet et al. 1994).
Other effects, such as increased stellar temperature (above the
canonical Taurus value 04000 K)), can lead to positive spectral
indices in disk sources (Whitney et al. 2004).

In discussing the evolutionary stages of our models, we adopt
a “Stage” classification analogous to the Class scheme, but re-
ferring to the actual evolutionary stage of the object, based on its
physical properties (e.g., disk mass or envelope accretion rate)
rather than properties of its SED (e.g., slope). Stage 0 and I ob-
jects have significant infalling envelopes and possibly disks,

Stage II objects have optically thick disks (and possible remains
of a tenuous infalling envelope), and Stage III objects have op-
tically thin disks.

Using this classification alongside the spectral index classifi-
cation can help avoid any confusion between observable and
physical properties: for example, we would refer to an edge-on
disk as a Stage II object that may display a Class I SED (rather
than an “edge-on Class II”” object).

The exact boundaries between the different Stages are of course
arbitrary in the same way as the Class scheme. In the following
sections, we choose to define Stage 0/1 objects as those that have
Menv/M > 107 yr’l, Stage II objects as those that have
My /M, < 1076 yr—! and Mg /M, > 10 6, and Stage I1I objects
as those that have My, /M, < 107° yr- and Mgig/M, < 1070,
Note that we have grouped Stage 0 and I objects together and refer
to them throughout this paper as Stage I objects.

3.2. SEDs and Polarizations of Selected Models

Figure 7 shows example SEDs from our grid of models. We
show SEDs of low-, intermediate-, and high-mass stars at three
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Fic. 8.—Same SEDs as in Fig. 7, showing the contribution to the SEDs from the energy packets whose last point of origin is the star (blue), the disk (green), and

the envelope (red).

stages of evolution. Each panel shows SEDs for the 10 viewing
angles, with the top spectrum corresponding to the pole-on view-
ing angle, and the bottom spectrum corresponding to the edge-on
viewing angle. Also shown for each SED is the input stellar
photosphere. Longward of 10 um, the flux is due mainly to re-
processing of absorbed stellar flux by the circumstellar dust.
Shortward of 10 pm the flux is dominated by stellar light (e.g., in
Stage III or pole-on Stage I and Il models), scattered stellar light
(e.g., edge-on Stage I and II models), and warm dust from the in-
ner disk and the bipolar cavities (Whitney et al. 2004).

Since we are using a Monte Carlo radiation transfer code, it is
possible to track various properties as photons propagate through
the grid, and for instance to flag each one by its last point of origin.
For example, an energy packet absorbed and re-emitted by the
disk is considered to have a point of origin in the disk. Scattering
is not considered a point of origin; thus, a photon re-emitted by the
disk that scatters in the envelope is considered a disk photon. Fig-
ure 8 shows SEDs for the same models as before, making use of
this information. We show three separate SEDs for each model
and inclination: the blue SED shows the energy packets whose last
point of origin is in the stellar photosphere, the green SED shows

the energy packets whose last point of origin is in the disk, and the
red SED shows the energy packets whose last point of origin is
in the envelope. Energy packets originating directly from the star
contribute a significant amount of emission in pole-on Stage I
objects as well as in Stage II and III objects. Energy packets last
emitted by the envelope clearly dominate the SEDs of Stage 1
models longward of 10 ym. Finally, energy packets last emitted
by the disk dominate the SEDs of Stage II objects longward of
near-IR wavelengths. Note that the envelope emission in disk-
only Stage I and III sources is due to the ambient density. Other
photon properties tracked in the radiation transfer include whether
a given photon was last scattered before escaping, or whether a
photon escaped directly from the stellar surface without interact-
ing with the circumstellar dust. All these SED components are
available for each model on our Web server.

Figure 9 shows polarization results for the same models as
Figures 7 and 8. The current grid of models does not have suf-
ficient signal-to-noise to produce high-resolution polarization
spectra. However, the polarization can be smoothed and con-
volved with broadband filter profiles. Because these models are
axisymmetric and include scattering from spherical grains (no
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Fic. 9.—Degree of polarization (Q/I) for the same models as in Fig. 7. Fluxes convolved with the UBVRI and JHKL passband filters are shown. Blue to red colors
indicate pole-on to edge-on viewing angles. Values were not always available for all inclinations due to low signal-to-noise. Note that the y-axis scale changes from
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dichroism from aligned grains), the polarization can be fully
described by the QO stokes parameter, O = P cos x, where P is
the degree of linear polarization and  is the orientation of the
polarization with respect to the axis of symmetry (in these mod-
els, this is perpendicular to the disk plane, or parallel to the pre-
sumed outflow axis). Negative Q polarization indicates that the
polarization is aligned parallel to the disk plane, and positive O
polarization is aligned perpendicular to the disk plane. The first
thing to note about the results in Figure 9 is that the polarization
sign varies with wavelength and Stage. This is shown more clearly
in Figure 10, which shows K-band polarization from the entire
grid of models as a function of evolutionary stage for four selected
inclinations. The highly embedded Stage I sources have negative
polarization (that is, aligned parallel to the disk plane); and the less
embedded Stage I and Stage II sources have the opposite sign.
This is an optical depth effect, as discussed in Bastien (1987),
Kenyon et al. (1993b), and Whitney et al. (1997). As an optical
depth effect, it is also a wavelength effect, since the dust opacity
decreases with increasing wavelength. As shown in Figure 9, the
high-mass Stage I source exhibits a sign change with wavelength.
This is a clear indication of a Stage I source, since a Stage Il source
always has polarization oriented perpendicular to the disk plane.
A Stage I source has polarization aligned parallel to the disk at

short wavelengths, where scattering in the outflow cavities is the
main source of polarization, and the disk is too deeply embedded
to be visible. At longer wavelengths the envelope becomes more
optically thin, and scattering in the disk plane dominates the po-
larization, causing it to become aligned perpendicular to the disk.
If a sign change in the polarization is observed, this information
can be used to distinguish a Stage I source from an edge-on Stage 11
source, which could have a similar SED. However, we note that
the reverse is not necessarily true: the absence of a sign change
in the polarization does not necessarily rule out that the source
is a Stage I object, since a sign change can occur outside the ob-
served wavelength range.

3.3. Spectral Index Classification
3.3.1. The Dependence of Spectral Index on Evolutionary Stage

In this section, we examine the spectral indices of our model
SEDs. The traditional definition of the spectral index of an SED
(Lada 1987) is its slope in log, A F; versus log,,/ space, long-
ward of 2 pum.

This can be taken as the slope in log,,AF; versus log,,4 space
of the line joining two flux measurements at wavelengths 4; and
Ay, or as the slope of the least-squares fit line to a/l the flux
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Fic. 10.—K-band degree of polarization (Q/I) for all models in the grid, shown for four different inclinations, vs. the disk mass My;sk/M, for disk-only models
(left) and the envelope accretion rate M, /M, for the remaining models (right). The vertical dotted lines show the separation between Stage I (right), II (center), and
III (left) models (as defined in § 3.1) on the basis of the physical parameters. Note that the y-axis scale is expanded in the top panel.

measurements between and including the two wavelengths 4; and
/2. We use the notation «vj;, g, to refer to the former and «vj;, 5,
to refer to the latter of these two definitions. Both definitions have
been used in the literature (e.g., Myers et al. 1987 and Kenyon &
Hartmann 1995 use oy, & 7, while Haisch et al. 2001, Lada et al.
2006, and Jorgensen et al. 2006 use «[),—4,)), and in some cases it
is not explicitly stated which choice has been made. In this sec-
tion, we choose to use the oy, ¢ ,] definition of spectral index, as it

is unique for each SED for a given 4; and 4,, whereas aj;, ;]
depends on which points are included inside the range.

Asnoted previously (§2.1.5), each SED is computed in 50 dif-
ferent apertures. The main effect of varying the aperture is a bluing
of the colors of Stage I sources with larger aperture, as discussed
in Whitney et al. (2003b). To match typical point-source photom-
etry observations, we use our 2760 AU aperture, which corre-
sponds to ~3” at a distance of 1 kpc.
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region shows the values of Mgisk /M, for which at least 10% of SEDs have insufficient signal-to-noise in order to compute a spectral index; the trend of decreasing spectral index

inside these regions is due to signal-to-noise limitations.

Figure 11 shows the dependence of three different spectral
indices on the envelope accretion rate and the disk mass. The fol-
lowing spectral indices were computed for all the model SEDs
in the grid: [IRAC 3.6&8.0], A& IRAC 8.0, and g g mips 24)- [n this
section and following sections we refer to aggmips 24) as our
“reference” spectral index since it is close to the commonly
used 2.0-25 um range.

In order to calculate a spectral index using either method from
a given set of fluxes, we require these fluxes to have a signal-to-
noise of at least 2. The hashed box in Figure 11 shows the values
of Me, /M, for which at least 10% of SEDs had insufficient
signal-to-noise for the spectral index calculation.

We first look at how the reference spectral index (shown in
Fig. 11, bottom panel) depends on the disk mass and the enve-
lope accretion rate:

1. The tendency is for the spectral index to increase as the
disk mass and the envelope accretion rate increase. Therefore, on
average, younger sources tend to have a larger spectral index.
However, for a given disk mass or envelope accretion rate, the
spread in the values of the spectral index is important. This sug-
gests that although in large samples of sources larger spectral in-
dices are likely to indicate youth, the spectral index of an individual
source is not a reliable indicator of its evolutionary stage. For
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Fic. 12.—Left: Spectral indices vs. the stellar temperature T, for all disk-only models with Myis/M, > 1075, Center: Spectral indices vs. the disk inner radius Rg‘i‘iﬂ
for all disk only models with Myisk/M, > 1073 and with 7, < 6000 K. Right: Spectral indices vs. the disk flaring power for all disk only models with My /M, > 10-5,
with 7, < 6000 K, and with R = 1 Rgp. The spectral indices were calculated as for Fig. 11. The dashed horizontal lines are identical to those shown in Fig. 11.

example, a source with a reference spectral index of —0.5 could
have virtually any disk mass or envelope accretion rate.

2. For disk masses Mg /M, < 1073, the spectral index in-
creases proportionally to log;, Maisk/M,, whereas above this limit
the spectral index is independent of disk mass. This is because for
low disk masses the disk is optically thin, and near- and mid-IR ra-
diation is seen from the whole disk, whereas for larger disk masses
the disk is optically thick, and the near- and mid-IR radiation is
only seen from the surface layers of the disk. This is in agreement
with the results from Wood et al. (2002a).

3. For envelope accretion rates Mey,/M, < 107¢ yr~! the
spectral index does not vary with M_.,v/M,. This indicates that the
envelope is optically thin and does not contribute significantly to
the SED, i.e., the SED is dominated by disk or stellar emission.

4. For envelope accretion rates Men/M, > 1076 yr_1 the
range of possible spectral indices widens and the upper limit of
this range increases roughly linearly with log,oMeny/M,. The
widening of the range is likely due to the high dependence of

Stage I colors on viewing angle (Whitney et al. 2003b) and stel-
lar temperature (Whitney et al. 2004). The increase of the upper
limit is expected: as the accretion rate increases, the envelope be-
comes more optically thick and progressively obscures the cen-
tral source and the regions of high-temperature dust, reddening
the SED.

5. The decrease in the upper range of spectral indices for
Meny/M, > 5x 1075 yr~!is an artifact due to the signal-to-noise
requirements for computing a spectral index: models with heav-
ily embedded sources have very few or no energy packets emerg-
ing at near-IR wavelengths, leading to a poor signal-to-noise at
these wavelengths. The majority of models with high accretion
rates for which the reference spectral index can be calculated
are pole-on or close to pole-on. For these SEDs the star is not
heavily obscured by the envelope since one is looking down the
cavity, and the spectral index is bluer. For models with M.,,,/M, >
10~* yr~!, 98% of SEDs for the pole-on viewing angle have suf-
ficient signal-to-noise at near- and mid-IR, as opposed to only
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Fic. 13.—Spectral indices for all our models calculated using a o[y, & 4,] spectral index (where the values of 4, and 4, are shown in the panels) vs. the reference spectral
index ajk&mips 24]. The gray-scale shows the number of models on a linear scale. The solid diagonal line represents the line along which the spectral indices are equal.
The dashed lines encompass the region within which the difference between the spectral indices in less than 1. The boxes represent regions where the Class assigned to a
model is the same for the two spectral indices (in each panel, the boxes are, from left to right, Class III, Class II, and Class I models).

23% of SEDs for the edge-on viewing angle (this should im-
prove in future grids of models, as we plan to produce higher
signal-to-noise models).

6. Our choice of boundary values for the Stage classification
seems to be appropriate, since most Stage I models have a > 0,
most Stage Il models have —2 < a < 0, and a large fraction of
Stage Il models have av < —2. This means that for the majority
of models, the Stage is equivalent to the Class.

The two top panels of Figure 11 show the spectral indices com-
puted over a narrower wavelength range (a[rac 3.688.0) and
a[s&IRAC 8.0))- These show a similar pattern, albeit the spread in
spectral indices is much larger for a given disk mass or envelope
accretion rate. This shows that including a longer wavelength flux
measurement (~20 pm) in the spectral index calculation provides
a better indicator of evolutionary stage.

3.3.2. The Dependence of the Spectral Index of Disk-only Sources
on Stellar Temperature, Disk Inner Radius, and Disk Flaring Power

As mentioned above, the spectral indices of the SEDs for disk-
only models with Mg /M, > 107> are independent of My /M, .
For these models, the spread in spectral indices for a given
Myisk/M, is due mainly to the spread in stellar temperatures, disk
inner radii, and disk flaring powers; this is illustrated in Figure 12,
which shows the dependence of the spectral index of these SEDs
on the stellar temperature 7, the disk inner radius Rg;};, and the
disk flaring power /.

The left-hand panels shows all disk-only models with
Mg /M, > 107>, For low temperatures (~3000-5000 K), the
Q[IRAC 3.6&8.0) and the o[ 1rAC 3.0 Spectral indices are separated
into two distinct groups. The largest group, centered between

B —
N=IRAC 3.6 \,=IRAC 8.0

T T T T
N=J  A=IRAC 8.0 N=d A=MIPS 24

:

A, & A)

Fic. 14.—Difference between the spectral indices for all our models calcu-
lated using only two photometric points (c;, &7,)) and the spectral indices for the
same models calculated by fitting a line to more than two data points in the same
range (s, —/,)), vs. the spectral indices calculated using only two photometric
points. The broadband fluxes used to calculate the ay;, ., spectral indices are
K+IRAC +MIPS 24 pm (a[KA»MlPS 24] ), all IRAC fluxes (a[lRAC 3.6—8.0] ), JHK +
IRAC fluxes (@ _irac .0)) and JHK + IRAC +MIPS 24 um (g _nirps 24))- The
gray-scale shows the number of models on a linear scale. The solid line shows
the line along which the spectral indices are equal. The dashed lines show the
line along which the two spectral indices differ by +0.5.
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Fic. 15.—Distribution of stellar masses (/eff) and ages (right) for the entire grid of models ( filled gray area) and the virtual cluster before sensitivity cutoffs (hashed
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logarithmically in the original grid of models, and linearly in the virtual cluster (with a cutoff at 2 x 106 yr).

spectral index values of —2 and —1 is the bulk of the disk models
with no large inner holes. The smaller group, centered at lower
spectral index values, represent the models that include inner
holes large enough that the JHK and IRAC fluxes are purely pho-
tospheric. We note that in the case of the ajgrac 8.0 Spectral in-
dex, and to a lesser extent the arac 3.688.0] Spectral index, the
average value of these two groups decreases as the temperature
increases from 3000 to 5000 K. This is expected, as the colors of
stellar photospheres at near-IR wavelengths for these temper-
atures are still dependent on the stellar temperature, and become
bluer for larger temperatures.

Beyond 5000 K, the spectral indices increase with stellar
temperature, at least in the case of the arac 3.688.0) and the
ajygirac 8.0) spectral indices. This is due to a lower contribution
of the stellar flux compared to the infrared dust spectrum at these
wavelengths (Whitney et al. 2004). For models with a 5000 K
central source, this central source contributes significantly to the
emergent spectrum, making the emission less red. For a 10,000 K
stellar source, the relative fraction of stellar flux to emission from
the disk at near- and mid-IR wavelengths is much lower, leading
to a more pure dust spectrum that is red at near- and mid-IR wave-
lengths. This can be seen in the SEDs for the Stage 1T and 11l models
in Figures 7 and 8: although the general shape of the contribution
to the SED from the disk does not change significantly between
the low-, intermediate-, and high-mass models, the change in the
stellar spectrum leads to redder colors at near- and mid-IR wave-
lengths for the high-mass (and therefore higher temperature)
model.

The apparent gap in the models between 6000 and 10,000 K is
due to the sampling of the model parameters using evolutionary
tracks. For aqrac 3.688.0) and agirac 8.0), the average spectral
index values are different on either side of this gap. This leads to
the bimodal distribution seen in Figure 11 for these spectral
indices.

The central panels in Figure 12 show the detailed variations of
the spectral index with disk inner radius for all the disk-only
models with Mgig/M, > 107>, and with stellar temperatures be-
low 6000 K. To avoid overcrowding of the plot, we do not show
models with RE} = 1 Rgyp. In all three cases, the spectral index
first increases, then decreases to reach photospheric levels. The
initial increase is due to removal of the hottest dust from the inner

disk and redistribution of the SED to slightly longer wave-
lengths. As the inner radius increases further, the amount of cir-
cumstellar material emitting in mid-IR wavelengths is reduced,
and the mid-IR emission decreases.

Finally, in the right-hand panels of Figure 12, we show all the
disk-only models with Mg /M, > 10-5, with stellar tempera-
tures below 6000 K and with R} = 1 Rqy, versus the disk flar-
ing power. A larger flaring power in a disk leads to an increasing
surface intercepting the starlight, and therefore an increase in repro-
cessed radiation. This has only a slight effect on the ajrac 3.6&8.0]
and the ajygrac 8.0) spectral indices but has a more pronounced
effect on the reference spectral index oggmips 24)-

3.3.3. The Dependence of Spectral Index on Wavelength
Range and Distribution

The wavelength range of the fluxes used to calculate the spec-
tral index of a source is dependent on the observations available
for that given source. In most cases, the choice of this range is
likely to affect the value of the spectral index itself. For example,
as seen in § 3.3.1, a spectral index calculated using K and MIPS
24 pm fluxes will in most cases differ from a spectral index
calculated using IRAC 3.6 um and IRAC 8.0 pum fluxes.

Figure 13 shows the correlation between six different o, g1,
spectral indices (calculated using various combinations of JHK,
IRAC, and MIPS broadband fluxes) and the reference spectral in-
dex aggmips 24)- As can be seen, the value of the spectral index is
highly dependent on the range of data used. In some cases the dif-
ference can be larger than 1.0, which could lead to a different Class
being assigned to a source depending on what spectral index is
used.

The spectral index of a source may also be sensitive to whether
itis calculated using only fluxes at two wavelengths (i.e., a3, &7,])
or whether it is calculated using all fluxes in a given wavelength
range (o, 4,)). Figure 14 shows the correlation between four
different «v[; &,,] spectral indices (using various combinations
of JHK, IRAC, and MIPS 24 pm broadband fluxes) versus the
equivalent oy, _, ;) spectral indices.

The difference between a[]RAC 3.6-8.0] and a[IRAC 3.6&8.0] is
small, typically ofthe order of 0.1 or less, which is expected, as the
wavelength range is fairly narrow and the SED should be close
to a straight line. The other three spectral indices, axgmips 24]5
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TABLE 2
THE BrIGHT AND FAINT LimiTs UsED TO CREATE THE VIRTUAL CLUSTER

Band Bright Limit Faint Limit
8.0 16.5
7.0 15.5
6.5 15.0
6.0 18.0
5.5 17.0
3.0 15.0
3.0 14.0
0.6 10.0

apygIrACg.0)> and ay&mips 24), show a larger difference: in some
cases, the spectral index calculated using the two methods dif-
fers by up to 0.5.

3.4. Color-Color Classification
3.4.1. Virtual Clusters

The parameters of our grid of models were sampled in order to
cover many stages of evolution and stellar masses. However, the
distribution of models in parameter space is not meant to be rep-
resentative of a typical star formation region, since it is meant to
encompass outliers as well as typical objects, and since the models
are sampled uniformly or close to uniformly in log,,M, and log ..

Therefore, in the current section, as well as presenting color-
color diagrams for the whole grid of models, we also present
results using a subset of models. This subset, which we will refer
to as our wvirtual cluster was constructed by resampling models
from the original grid in order to produce a standard IMF for the
stellar masses (Kroupa 2001) and to produce a distribution of
ages distributed linearly in time, rather than logarithmically. We
decided to sample the stellar masses between 0.1 and 30 M, and
ages between 103 and 2 x 10° yr. In this way we aim to reproduce
the distribution of stellar masses and ages that might be expected
from a cluster with the chosen IMF and a continuous star forma-
tion rate having switched on 2 x 10° yr ago. The distribution of
masses and ages for the original grid of models and the virtual
cluster are shown in Figure 15.
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We assumed two distances to this cluster: 250 pc to mimic a
relatively nearby star formation region (e.g., the Perseus molec-
ular cloud), and 2.5 kpc to mimic a distant star formation region
such as those seen in the GLIMPSE survey (e.g., the Eagle Neb-
ula). We used the fluxes integrated in the aperture closest to a 3”
radius aperture at these distances (i.e., 770 and 7130 AU). We
then applied sensitivity limits, using the bright and faint limits
listed in Table 2. The JHK limits are typical 2MASS values. The
IRAC and MIPS 24 pm limits are similar to those quoted for sev-
eral large-scale surveys, such as the c2d (Harvey et al. 2006;
Jorgensen et al. 2006) and SAGE (Meixner et al. 2006) surveys.

These limits will vary with exposure time and background
levels, and the limits given here are just an example of a plausible
range. The distribution of masses and ages remaining after ap-
plying these limits to the IRAC bands are shown in Figure 16:
observations ofthe distant star-forming cluster with these sensitiv-
ity and saturation limits would be less sensitive to low-mass YSOs
and more sensitive to high-mass YSOs than observations of the
nearby cluster. In addition, observations of the distant star-forming
cluster would be slightly biased toward earlier stages of evolu-
tion, as the luminosity of pre—main-sequence stars decreases with
age.

3.4.2. Color-Color Plots

Color-color plots have been widely used to classify YSOs, in-
cluding for example JHK and IRAC color-color plots. In a recent
study of this color-color space, Allen et al. (2004) proposed that
disk-only sources should fall mostly in a box defined by 0.4 <
([5.8] = [8.0]) < 1.1 and 0.0 < ([3.6] — [4.5]) < 0.8, whereas
younger sources with infalling envelopes should fall redward of
this location. Although the grid of models that was used covered a
range of temperatures and evolutionary states, the interpretation
of the color-color diagram was made using only models with a tem-
perature 0f 4000 K, an age of 1 Myr, and using only one inclination.
As shown by Hartmann et al. (2005) this analysis is appropriate
for the Taurus star formation region where most sources have
stellar temperatures ranging from 3000 to 5000 K (Kenyon &
Hartmann 1995). However, as mentioned by Hartmann et al.,
some of the very young sources, such as IRAS 04368+2557,
have bluer colors than predicted by Allen et al. Further study of

0.5

O T
5x10° 10°  1.5x10°
Age of central source (yr)

Fic. 16.—Distribution of stellar masses (/eff) and ages (right) for the virtual cluster before sensitivity cutoffs ( filled gray area), after sensitivity cutoffs at 250 pc
(hashed from top left to bottom right), and after sensitivity cutoffs at 2.5 kpc (hashed from bottom left to top right). Due to the sensitivity and saturation cutoffs, the
distribution of models in the 2.5 kpc cluster is more biased toward high-mass stars and early evolutionary stages than the 250 pc cluster.
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Fic. 17.—JHK, IRAC, and IRAC + MIPS 24 pm color-color plots for all the model SEDs in the grid, showing the number of models on a logarithmic gray-scale.
The gray-scale is shown down to 0.01% of the peak value. The reddening vector shows an extinction of 4y = 20, assuming the Indebetouw et al. (2005) extinction
law. The dashed lines in the JHK color-color plots show the locus of the reddened stellar photospheres. The solid lines in the IRAC color-color plots show the “disk
domain” and the domain of embedded young objects (redward of the “disk domain’’) from Allen et al. (2004) and Megeath et al. (2004).

this color-color space is needed to investigate whether such a clas-
sification can apply to more distant and massive star formation re-
gions where the sources seen are likely to have a much wider
range of ages and temperatures. In this section we re-examine
IRAC color-color space for nearby and distant clusters, and pre-
sent results for other color-color spaces.

In Figure 17 we show the distribution of the entire grid of ra-
diation transfer models in JHK (J — H vs. H — K ), IRAC ([3.6]—
[4.5] vs.[5.8] — [8.0]), and IRAC + MIPS 24 yim ([3.6] — [5.8] vs.
[8.0] — [24.0]) color-color plots. The plots show the number of
models in a logarithmic gray scale for all models in the grid, as
well as for each individual Stage (I/II/1IT). Figure 18 shows the
fraction of models at each Stage relative to the total, for the same

color-color spaces as Figure 17. Dark areas show where most of
the models correspond to a given Stage: for example, a dark area
in a “Stage I/All” ratio plot indicates a region where most mod-
els are Stage I models. To ensure that these results are not biased
by unrealistic models, we show the same plots for our simulated
clusters with sensitivity and saturation limits applied, at 250 pc
(Figs. 19 and 20) and 2.5 kpc (Figs. 21 and 22). The main differ-
ence between color-color plots for the entire grid and for the vir-
tual clusters is that there are much fewer Stage I models in the
virtual cluster plots than in the entire grid. This is expected as the
ages are distributed logarithmically in the entire grid, and linearly
in the cluster. In addition, faint Stage I models will be removed
due to the applied sensitivity limits.
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FiG. 18.—Color plots for all the model SEDs showing, from left to right, the ratio of the number of Stage I models to all models, the ratio of the number of Stage II models
to all models, and the ratio of the number of Stage 11l models to all models. From top to bottom: JHK color-color plots, IRAC color-color plots, and IRAC + MIPS 24 pum color-
color plots. The reddening vector shows an extinction of 4y = 20, assuming the Indebetouw et al. (2005) extinction law. The red lines in the JHK color-color plots show the
locus of the reddened stellar photospheres. The blue lines outline the regions shown in Fig. 23. [See the electronic edition of the Supplement for a color version of this figure.]

3.4.2.1. JHK Color-Color Plots

The models in our grid tend to lie along and redward in
(H — K) of the locus for reddened stellar photospheres. For the
whole grid and for the two virtual clusters, a number of Stage [
models occupy a small region where no Stage Il and Il models lie.
However, the region where only Stage I models are found is dif-
ferent in each case. Stage Il models also lie along and redward in
(H — K) of the locus for stellar photospheres, while the colors of
Stage Il models are in most cases identical to stellar photospheres.

Observations of distant star formation regions are likely to be
affected by high levels of extinction that would make most YSOs
along the locus of reddened stellar photospheres indistinguish-
able from highly reddened stars. This suggests that there are in

fact no regions in (J — H) versus (H — K) color-color space
where only sources at a specific stage of evolution always lie, and
therefore that (J/ — H') versus (H — K) colors are not a reliable
indicator of the evolutionary stage of a source.

Y SOs displaying colors with a redder (H — K) color than red-
dened stellar photospheres can still be classified as such, but their
evolutionary stage cannot be determined, while many YSOs will
be simply be indistinguishable from reddened stellar photospheres.

3.4.2.2. IRAC Color-Color Plots
The models in our grid lie mostly redward in [3.6] — [4.5] and
[5.8] — [8.0] compared to stellar photospheres, which fall mostly
at (0, 0). The Stage I models in our grid occupy a large region
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Fic. 19.—Same as Fig. 17, for the virtual cluster at 250 pc including sensitivity and saturation cutoffs. [See the electronic edition of the Supplement for a color

version of this figure.]

of IRAC color-color space, which includes a substantial region
unoccupied by Stage II and 11 models. Many Stage I models are
fairly red at [3.6] — [4.5] but are not always as red at [5.8] — [8.0]
as in the predictions by Allen et al. (2004). The main difference
in our models is that we include bipolar cavities that allow more
scattered light to emerge, which tends to make the sources bluer
in this color. Furthermore, pole-on Stage I models tend to have
bluer colors, as one can view the star unobscured by the enve-
lope, by looking down the cavity. The region where only Stage I
models fall is similar for the whole grid of models and for the
virtual clusters. Most of our Stage II models lie in the same re-
gion indicated by Allen et al. as the “disk domain.” However,
many also lie outside this region, due to variations in disk mass,
stellar temperature, and inner hole size, as discussed below. Most
regions occupied by Stage II and III models are also occupied by

Stage I models. This suggests that although many Stage I sources
can be identified uniquely as so, the evolutionary stage of the re-
maining Stage I sources as well as of most Stage II and Stage III
sources cannot be reliably found from the IRAC colors alone.
This can be seen in Figures 18, 20, and 22, which shows that the
Stage I/All fraction is close to 100% (black areas) in a large
region of IRAC color-color space, while the Stage II/All and
Stage III/All fractions never reach 100% (gray areas). We note
that most sources that fall in the Allen et al. “disk domain” are
most likely to be Stage II sources but can in some cases be Stage |
sources.

In Figure 23 (and overplotted on the IRAC color-color plots in
Figs. 18-22) we show the approximate regions corresponding to
the different evolutionary stages. These should of course be seen
only as general trends. For example, one complication for Stage I
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Fic. 20.—Same as Fig. 18, for the virtual cluster at 250 pc including sensitivity and saturation cutoffs. [See the electronic edition of the Supplement for a color

version of this figure.)

identification is that the Stage I region lies along the reddening
line from the Stage II region. However, as shown by the redden-
ing vector, substantial amounts of extinction (4, > 20) are re-
quired to change the colors of a source significantly.

This suggests that unlike JHK color-color plots, IRAC color-
color plots appears to be effective in separating stars with no cir-
cumstellar material from most Stage I and II sources (the colors
of many Stage III sources are very similar to those of stars in the
IRAC bands). Furthermore, very young (Stage I) sources can be
distinguished in many cases from Stage II/1II sources.

3.4.2.3. IRAC + MIPS 24 um Color-Color Plots

As for IRAC color-color plots, the models in our grid lie mostly
redward in [3.6] — [5.8] and [8.0] — [24.0] compared to stellar
photospheres, which fall mostly at (0, 0). Stage I models cover

a very wide range of colors, and a large number fall in regions that
are not occupied by Stage II and III models. Furthermore, Stage I1
and III models also seem to separate into well-defined regions,
suggesting that IRAC + MIPS 24 pm color-color plots may be ef-
fective in discriminating between various evolutionary stages.

As before, the approximate regions corresponding to Stage I,
11, and III models are shown in Figure 23 and are overplotted on
the IRAC + MIPS 24 pm color-color plots. We note that even if a
source is not detected in MIPS 24 pm, an upper limit on its flux
can still provide constraints on its evolutionary stage: for exam-
ple, ifasource has [8.0] — [24.0] < 2, itisnotlikely to bea Stage
source.

Asin § 3.3.1, we find once again that including data at wave-
lengths longward of 20 um is valuable in assessing the evolu-
tionary stage of YSOs.
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FiG. 21.—Same as Fig. 17, for the virtual cluster at 2.5 kpc including sensitivity and saturation cutoffs. [See the electronic edition of the Supplement for a color

version of this figure.]

3.4.3. Colors and Physical Parameters

In Figures 24,25, 26,27, and 28, we explore how various phys-
ical parameters affect the colors of our models.

3.4.3.1. Envelope Accretion Rate

_ Figure 24 shows how the colors of our models depend on
Meny/M,. Interestingly, the models with very high envelope ac-
cretion rates are relatively blue in JHK, IRAC, and IRAC + MIPS
color space compared to models with lower accretion rates. This
is due to the complete extinction of the stellar and inner disk/
envelope radiation, leaving only scattered light that is relatively
blue (Whitney et al. 2003a, 2003b). These may, however, be very
faint and thus below detection limits at large distances. For ex-
ample, the bluest models in [5.8] — [8.0] in the IRAC color-color
diagram for the whole grid (Fig. 17) do not appear in the same

diagram for the virtual cluster at 2.5 kpc after sensitivity limits
have been applied (Fig. 21). However, even in this case the
youngest models still display colors bluer than would be ex-
pected if bipolar cavities had not been included. In the same
way as with spectral indices (cf. § 3.3.1), models with accre-
tion rates Mepy/M, < 1076 yr—!have colors similar to disk-only
models; i.e., the envelope does not dominate the near- and mid-
IR colors.

3.4.3.2. Disk Mass

Figure 25 shows the effect of disk mass on the colors of Stage 11
models. The effect on the JHK, IRAC, and MIPS 24 ym colors is
negligible. This is not surprising, since the disk is opaque at these
wavelengths, and the near- and mid-IR radiation originates only
from the surface of the disk (as previously found in § 3.3.1).
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FiG. 22.—Same as Fig. 18, for the virtual cluster at 2.5 kpc including sensitivity and saturation cutoffs. [See the electronic edition of the Supplement for a color

version of this figure.)

3.4.3.3. Stellar Temperature

Figures 26 and 27 show the effect of stellar temperature on the
colors of Stage I and Stage IT models, respectively. Whitney et al.
(2004) showed that the IRAC colors of YSOs become redder for
hotter stellar sources. These figures show that this applies more
generally to near- and mid-IR colors. This echoes the result found
in § 3.3.2 that the spectral index of our models calculated using
near-IR and mid-IR wavelengths increases with stellar temperature.

3.4.3.4. Disk and Envelope Inner Radius

Figure 28 shows the effect of increasing the inner radius of
the disk and envelope on the colors of all the models in the grid.
Since the inner holes are completely evacuated, this means that
as the inner radius of the disk is increased, the temperature of the
warmest dust decreases, progressively removing flux from shorter

to longer wavelengths; thus, only photospheric fluxes remain at
shorter wavelengths, where the disk contribution has been removed.

The colors of the models in the JHK color-color plot tend to
the photospheric colors for 10 Ry, < RTN < 100 Ry, (note that
photospheric colors are not necessarily (/ — H) = 0 and (H —
K) = 0 except for high photospheric temperatures). For these val-
ues of the inner radius, the [3.6] — [4.5] colors and the [3.6] —
[5.8] colors also tend to the photospheric colors (close to or equal
to 0), while the [8.0] — [24.0] colors are not significantly affected.
For inner radii REN > 100 Ry, most models have [3.6] — [4.5]
and [3.6] — [5.8] equal to 0, and the [5.8] — [8.0] colors also tend
to zero (as can be seen from the high concentration of models at
(0, 0) in the IRAC color-color plot). The models with [3.6] —
[4.5] > 0 or [3.6] — [5.8] > 0 and with RJ¥! > 100 Ry, are
typically embedded sources for which the extinction to the central
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source produces colors that are redder than stellar photospheres.
We note that the only regions of color-color space where models
with holes can be unambiguously identified as such are the re-
gions for which [3.6] — [4.5] = 0 (e.g., in the IRAC color-color
plot) and [3.6] — [5.8] = 0 (e.g., in the IRAC + MIPS color-color
plots). These regions are shown in Figure 23.

4. DISCUSSION AND CONCLUSION

We have computed a large grid of SEDs from axisymmetric YSO
models using a Monte Carlo radiation transfer code. These models
span a large range of evolutionary stages, from the deeply em-
bedded protostars to stars surrounded only by optically thin disks.

We have made the 20,000 models publicly available on a ded-
icated Web server (see footnote 5). For each model, the fol-
lowing are available for download:

1. The SEDs for 10 inclinations (from pole-on to edge-on)
and integrated in 50 different circular apertures (with radii be-
tween 100 and 100,000 AU).

2. Three separate SEDs, constructed from the energy packets
whose last point of origin is the star, the disk, and the envelope,
respectively (see § 3.2), for each inclination and aperture. In ad-
dition, an SED constructed for each inclination and aperture
from photons that last scattered before escaping, and an SED
constructed for each inclination from photons which escaped
directly from the stellar surface, are available.

3. A polarization spectrum for each inclination and aperture.

4. Convolved fluxes and magnitudes for each inclination and
aperture for a wide range of filters.

Users have the option of downloading the convolved fluxes and
the model parameters for all models as single files. These files



No. 2, 2006

2000K—>4000K 4000K—>8000K

GRID OF 200,000 YSO SEDs

281

8000K—->30000K  30000K—>50000K

4 :IIIIIIIIIIIIIIIIIIIIII_——_IIIIIIIIIIIIIIIIIIIIIII_——_IIIIIIIIIIIIIIIIIIIIIII_——_IIIIIIIIIIIIIIIIIIIIII:
3t £d £d £d E
il E i A -5
- r T T T ]
i E ’ I I i ;
ok £d £d £d =
_IIIIIIIIIIIIIIIIIIIIIII__IIIIIIIIIIIIIIIIIIIIIII__IIIIIIIIIIIIIIIIIIIIIII__IIIIIIIIIIIIIIIIIIIIIII_
-1 0 1 2 3 -1 O 1 2 3 -1 O 1 2 3 -1 O 1 2 3
H—K
2000K—>4000K 4000K—>8000K 8000K—>30000K 30000K—>50000K
3 CT 1 r1T I T T 17T I T T 17T I T T I____I L I LI I L L I T T I____I L I L I LB I T T I____I L I LI I UL I T T I__
i T b T T ' )
— r T T Jell T ]
n
= 2F T T T E
' r T T T y
o T T T ]
0 S 5 + + =
_IITIIIIIIIIIIIIIII-_IIIIIIIIIIIIIIIIII-_IIIIIIIIIIIIIIIIII-_IIIIIIIIIIIIIIIIII-
-1 0] 1 2 -1 0] 1 2 -1 0] 1 2 -1 0] 1 2
[5.8]-[8.0]
2000K—>4000K 4000K—>8000K 8000K—>30000K 30000K—>50000K
I T T T T I .I- T T T I I T T T T I, 'I .h T T I I T T T I. '.l I...h .I T T I I T T T T T T T I
4_ | . . . ]
0
4ok + + + .
©
2 L 1 .. 1 4
0k 4 . R 4 -
I I 1 1 1 1 I 1 1 I.'I’-'I I 1 1 1 1 I 1 1 1 1 I I 1 1 1 1 I 1 1 1 1 I
0 5 10 O 5 10 O 5 10 O 5 10
[8.0]—[24.0]

Fic. 26.—Dependence of the JHK, IRAC, and IRAC + MIPS 24 pm colors on the stellar temperature 7, (the values are shown above each box). All Stage 1

models in the model grid are shown.

can be used, for example, to carry out the analysis of color-color
spaces or spectral indices not covered in this paper or to com-
pare the models to data directly.

We request feedback from the community, observers and theo-
rists alike, on how to improve our grid of models, as we plan to run
new grids of models over the next few years. For example, we
plan to produce higher signal-to-noise SEDs in the next grid of
models, as well as produce resolved images, in addition to the
planned model improvements described in § 2.2.4.

We have presented typical model SEDs from our grid (Fig. 7),
including separate SEDs constructed from the energy packets
whose last point of origin are the star, the disk, and the envelope
(Fig. 8). We have also presented polarization spectra for these
models in UBVRI and JHKL bands (Fig. 9). In addition, we have
shown the variation of the K-band polarization for all of our mod-

els with disk mass and envelope accretion rate (Fig. 10). Stage I
sources show a high polarization (>5%) for envelope accretion
rates above Mo, /M, ~ 2 x 1076 yr’l, over a large range of view-
ing angles (45°~90°) and a broad wavelength range (0.5-10 m).
Stage I sources can show a 90° position angle rotation with wave-
length, as discussed by previous authors (Bastien 1987; Kenyon
etal. 1993b; Whitney etal. 1997) due to the dominance of scatter-
ing in either the cavity or the disk. Stage II sources show high po-
larization (>3%) only when viewed edge-on but show significant
polarization (>0.5%) over a range of viewing angles.

We have carried out an analysis of JHK, IRAC, and MIPS
spectral indices and color-color plots using our model SEDs, and
we have constructed “virtual clusters in order to understand
how a cluster of young stars might look in these color-color spaces.
Our results indicate the following:
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1. How well a given spectral index indicates the evolution-
ary stage of a source is dependent on the range of wavelengths
of the fluxes used to calculate the spectral index (Fig. 11). Our
results suggest that the use of fluxes beyond ~20 um (e.g.,
MIPS 24 pm), in addition to 1-10 pm fluxes, in calculations of
the spectral index of YSOs is valuable for deriving information
about the evolutionary stage of these sources.

2. For optically thin disks, the traditional 2.0—25.0 spectral
index increases with disk mass, while for optically thick disks, the
same spectral index is insensitive to disk mass, as the emergent
flux at these wavelengths originates only in the outer layers of the
disk (Fig. 11).

3. The near- and mid-IR colors of a disk-only source are sen-
sitive to stellar temperature, disk inner radius, and disk flaring
power (Fig. 12). In particular, we find that for temperatures above

5000 K, these colors become redder as the temperature increases,
while the presence of an inner hole decreases the flux at near- and
mid-IR wavelengths. For large enough holes, the near- and mid-
IR colors are the same as those of a stellar photosphere. The effect
of a larger disk flaring power is to increase the amount of flux
intercepted by the disk and thus to increase the amount of re-
processed flux at mid and far-IR wavelengths.

4. For a given source, the spectral index is sensitive to the
wavelength range of the broadband fluxes used to calculate the
spectral index (Fig. 13), and to a lesser extent is also dependent
on whether the spectral index is calculated from the slope of a
line joining two points, or as the slope of a least-squares fit line to
a larger number of fluxes (Fig. 14).

5. Color-color plots of (J/ — H) versus (H — K) can be used
to identify sources as YSOs if they lie redward in (H — K) of the
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box; the unit is the dust sublimation radius Ry ). All the models from the grid are shown.

locus for reddened stellar photospheres, although their evolutionary
stage cannot be reliably found simply from the JHK colors. In
addition, many YSOs are likely to be indistinguishable from red-
dened stellar photospheres in regions of high extinction.

6. Stage I models tend to occupy large regions in IRAC and
IRAC + MIPS 24 pym color-color plots, due to inclination effects,
scattering in the bipolar cavities (which makes some edge-on
sources blue), and variations in stellar temperature.

7. IRAC color-color plots of [3.6] — [4.5] versus [5.8] — [8.0]
contain a large region that is likely to be occupied only by Stage I
sources. The region corresponding to the Allen et al. (2004)
“disk domain” is likely to contain mostly Stage II sources, but
also a number of Stage I sources. The remaining regions in this
color-color space can be occupied by sources at any evolution-

ary stage.

8. IRAC + MIPS 24 pm color-color plots of [3.6] — [5.8] ver-
sus [8.0] — [24.0] provide a good separation of YSOs at different
evolutionary stages. We note that even if a given source is not
visible in MIPS 24 pum, an upper limit on the flux can still con-
strain its evolutionary stage.

In Figure 23 we show approximate regions in IRAC and
IRAC + MIPS 24 pum color-color space where models of a given
evolutionary stage lie, irrespective of whether we are using the
whole grid of models or the virtual clusters. In summary, we find
that near-IR fluxes (such as JHK fluxes) can be used to discrim-
inate between reddened stars and many (but not necessarily all)
Y SOs but cannot reliably determine the evolutionary stage of a
YSO. Mid-IR fluxes (such as IRAC fluxes) should be efficient in
separating YSOs from stellar photospheres and allow some of
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the youngest sources to be unambiguously classified as such,
although the evolutionary stage of the remaining YSOs is likely
to be ambiguous. Finally, including fluxes at wavelengths beyond
~20 pm (such as MIPS 24 pm) in addition to near- and mid-IR
fluxes substantially improves the ability to distinguish between
the various evolutionary stages of YSOs.
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