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APPENDIX A

UPDATING THE GUTERMUTH ET AL. (2008B)
CLASSIFICATION SCHEME

We have used a slightly modified version of the Gutermuth
etal. (2008b) multiphase source classification scheme to classify
all sources detected in the survey. For the convenience of the
reader, we present the scheme here and note the changes made
over the original method.

A.l. Phase 1: IRAC Four-band Source Characterization

We apply Phase 1 to all sources that have photometric
uncertainties ¢ < 0.2 mag detections in all four IRAC bands.
We begin by separating out IR-excess contaminants such as star-
forming galaxies and broad-line AGNs and then isolate YSOs
with IR-excess from those without and finally split the Class I
from the more prominent Class IT YSOs.

In order to obtain a clean sample of confident YSOs, several
contaminating source types can be isolated and removed by
application of constraints in various color spaces where these
sources are considerably more prominent than YSOs.

First, we eliminate the active star-forming galaxies, as their
strong PAH-feature emission yields very red 5.8 and 8.0 um
colors (Stern et al. 2005). We utilize customized cuts in the
[4.5] — [5.8] versus [5.8] — [8.0] and [3.6] — [5.8] versus
[4.5] — [8.0] color—color spaces to identify and remove these
contaminants from our sample.

Any sources are considered PAH galaxies if they follow all
of the following constraints:

[4.5] —-[5.8] < % x ([5.8] = [8.0] = 1)
[4.5] —[5.8] < 1.05
[5.8] —[8.0] > 1
[4.5] > 11.5.

In addition, we also consider sources that obey all of the
following constraints to be PAH galaxies:

[3.6] — [5.8] < ; x ([4.5] - [8.0] - 1)
[3.6] —[5.8] < 1.5

[4.5]—-1[8.0] > 1
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Figure 13. Color—color diagrams used for the isolation of unresolved star-
forming galaxies (filled black circles).
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Figure 14. Color—-magnitude diagram used for the isolation of broad-line

AGN:ss (filled black circles) from other unclassified sources (filled gray circles).
Previously classified sources are excluded (small black dots).

[4.5] > 11.5.

See Figure 13 for displays of these constraints applied to
the data. Once a source has been flagged as a PAH galaxy, it is
removed from further consideration in the classification scheme.
Since these objects have distnct color differences relative to
YSOs, we expect there to be negligible residual contamination
from these objects in our YSO lists.

Broad-line AGN have mid-IR colors that are largely consis-
tent with YSOs (Stern et al. 2005). We utilize the [4.5] versus
[4.5] — [8.0] color—magnitude diagram (Figure 14) to flag as
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likely AGN all sources that follow all of these three conditions:

[4.5] —[8.0] > 0.5
[4.5] > 13.5+([4.5] — [8.0] — 2.3)/0.4

[4.5] > 13.5.

Additionally, a source flagged as a likely AGN must follow
any one of the following three conditions:

[4.5] > 14+ ([4.5] — [8.0] — 0.5)
[4.5] > 14.5 — ([4.5] — [8.0] — 1.2)/0.3

[4.5] > 14.5.

See Figure 14 for displays of these constraints applied to the
data. Even with these cuts applied, a small number of AGN per
square degree are expected to be brighter than the magnitude-
based cutoff, resulting in contamination of our YSO list.
Gutermuth et al. (2008b) reduced ~7.7 deg? of the Bootes Shal-
low Survey field with the Cluster Grinder data treatment in order
to estimate the residual contamination of the mitigation and YSO
classification effort presented there. With the updated scheme
presented here, we have improved on the residual contamina-
tion estimates presented there. The reclassified Bootes field data
yields a mean expected contamination of 4.8 £ 0.8 class I YSOs
and 3.1 £ 0.6 class IT YSOs per square degree, for a total con-
tamination of 7.9 & 1.0 YSOs per square degree.

Unresolved knots of shock emission are often detected in
all IRAC bands, yielding yet another source of contamination
in our YSO samples. Based on our findings, all sources with
photometry that obeys all of the following constraints are likely
dominated by shock emission and thus are removed:

1.2
[3.6] ~ [4.5] > o< x (14.5] = [5.8)) — 0.3)+ 0.8

[4.5] — [5.8] < 0.85

[3.6] — [4.5] > 1.05.

See Figure 15 for a display of these constraints applied to
the data. An additional set of contaminant sources are those
where resolved structured PAH emission has contaminated
the photometric apertures of some dim field stars, leading to
spurious excess emission in the 5.8 and 8.0 wm bandpasses. All
sources that obey all of the following constraints are consistent
with sources that have PAH-contaminated apertures:

o = o{[[4.5] - [5.8]]}
oy = o{[[3.6] — [4.5]]}

[3.6] —[4.5] —0x < 1.4 x (([4.5] = [5.8]) + 01 —0.7) +0.15
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Figure 15. Color—color diagram used for the isolation of unresolved shock
emission knots, objects that suffer from structured PAH aperture contamination
(filled black circles in top plot), and finally Class I YSOs (filled black circles
in bottom plot) from previously unclassified sources (filled gray circles).
Previously classified sources are excluded (small black dots).

[3.6] — [4.5] — 0y < 1.65.

See Figure 15 for a display of these constraints applied to the
data.

Of the sources that remain, we identify those that obey the
following constraints as Class I YSOs, due to their particularly
red discriminant colors:

o3 =0[4.5] —[5.8] > 0.7

oy = 0[3.6] — [4.5] > 0.7.

See Figure 15 for a display of these constraints applied to
the data. Note that this is a somewhat simplified version of the
protostar criteria of Gutermuth et al. (2008b). It is worth noting
that in rare cases, a highly reddened Class II source could have
the colors of a Class I as defined above. For those objects with
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Figure 16. Color—color diagram used for the isolation of Class II YSOs
(filled black circles) from previously unclassified sources (filled gray circles).
Previously classified sources are excluded (small black dots).

24 pm detections, we can extract these interlopers and reclassify
them (see Section A.3 below).

With those objects extracted, we finally can extract the Class I1
Y SOs from the remaining field stars by identifying those sources
that follow these constraints:

[4.5] —[8.0] —o3 > 0.5

[3.6] — [5.8] — 04 > 0.35

0.14
—— x (([4.5] —[8.0]

[3.6] —[5.8] + 04 < 0.04

—03)—0.5) + 0.5

[3.6] — [4.5] — 04 > 0.15.

See Figure 16 for a display of these constraints applied to the
data.

A.2. Phase 2: Additional YSOs Identified via a JHKs[3.6][4.5]
YSO Classification Scheme

We apply Phase 2 to those sources that lack detections at
either 5.8 or 8.0 um, but have high quality (o < 0.1 mag)
2MASS near-infrared detections in bands (H and K are required
at minimum, J is used where present) sufficient to enable
distinction between sources with IR-excess and those that are
simply reddened by dust along the line of sight (Gutermuth
2005).

First we measure the line of sight extinction to each source
as parameterized by the Ep_g color excess from line of sight
extinction from dust. For objects Where we have J photometry in
addition to H and K, we utilize the L color excess ratio with
baseline colors based on the Classwal T Tauri Star (CTTS) locus
of Meyer et al. (1997) and standard dwarf star colors (Bessell &
Brett 1988). To accomplish the latter, we force [J — H]y > 0.6,
a simplifying approximation for the intrinsic colors of low mass
dwarfs.

Here are the equations used to derive the adopted intrinsic
colors from the photometry we have measured (see left panel of
Figure 17):

[/ —H]o=0.58 x [H — K]o+0.52; for [H — K] > 0.14

[J—H]y=0.6;for [H — K]y <0.14
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H-K

E
[H_K]O = [H_K]meas_([-]_H]meas_[J_H]O)X E
J—H

[J - H]meas - g:f; S [H - K]meas —0.52

0.58 — Lot

En-x

For objects that lack J photometry, we use the % color
excess ratio derived from the color excess ratios reported
in Flaherty et al. (2007), with baseline colors based on the
H — Kversus [3.6] — [4.5] color—color space YSO locus, as
measured by Gutermuth (2005), and standard dwarf star colors
(Bessell & Brett 1988). To accomplish the latter, we force
[H — K]y = 0.2, a simplifying approximation for the intrinsic
colors of low mass dwarfs (see right panel of Figure 17):

[H—K]gp = 1.33x][[3.6]—[4.5]]
+0.133; for [[3.6] —

[H—-K]o=

[4.5]]p > 0.06

[H — K]p =0.2; for [[3.6] —[4.5]]o < 0.06

C— E3.6)-14.5)
Ey_k
1
[H - K]O = [H - K]meas - E([[36] - [4-5]]meas
—[[3.6] — [4.5]]0)
_ 1.33 X (C[H — K Teas —[[3.6]1 —[4.5] ] meas) —0.133
A~ Klo= 1.33C — 1 '

Once we have measured the component of the H—K color
excess that is caused by reddening, we compute the dereddened
— [3.6] and [3.6] — [4.5] colors using the color excess ratios
presented in Flaherty et al. (2007), specifically E"i = 1.73,

Ey
Ln-x — 149, and E” =1.17:

Ex_pol
[K - [36]]0 = [K - [3-6]]meas - ([H - K]meas
—[H = Klg) x X9
H—-K

[[36] - [45]]0 = [[36] - [4o5]]meas - ([H - K]meas

CH — K) % Ej36)-14.5
En_g

_ -t
Epel-as1 [ En_g i| 1_|: En_k ] 1
En_« Ex_pa5) Ex_13.6 ’

We now identify additional YSOs as those sources with
dereddened colors that obey all of the following constraints
(see Figure 18):

o1 = o{[[3.6] —

[4.5]]meas}; 02 = o {[[K] — [3.6]Imeas}

[[3.6] — [4.5]]o — o1 > 0.101

[K —[3.6]]p—02>0

[K —[3.6]]p — 02 > —2.85714 x ([[3.6]
—[4.5]]o — o1 — 0.101) + 0.5.
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Figure 17. Color—color diagrams used for measuring extinction for subsequent dereddening efforts. YSOs isolated by the Phase 2 classification (see Section A.2 and
Figure 18) are plotted as filled black circles. The reference loci adopted for the extinction measurements are plotted as dashed black lines.
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Figure 18. Color—color diagram used for isolation of Class I and Class II YSOs

(filled black circles) in the Phase 2 classification. The dashed black line denotes
the separation between the Class I and Class I YSOs.

Among these YSOs, sources that also follow the following
selection are considered likely protostars, the rest are considered
Class II:

[K —[3.6]]p — 02 > —2.85714 x ([[3.6]
—[4.5]]p — o1 — 0.401) + 1.7.

To minimize the inclusion of dim extragalactic contami-
nants, we apply a simple brightness limit using the dereddened
3.6 um photometry. All sources classified as Class II with this
method must have [3.6]p < 14.5 and all protostars must have
[3.6]p < 15.

A.3. Phase 3: Adding and Checking YSOs with MIPS 24 um
Photometry

We apply Phase 3 to all objects with MIPS 24 um detections
with ¢ < 0.2 mag. Phase 3 is primarily a MIPS 24 pm
reexamination of the entire catalog, including transition disk
sources (Class III sources as classified by shorter wavelengths,
but with large 24 um excess) and deeply embedded YSOs with
insufficient IRAC and 2MASS bandpass coverage to have been
included by the previous two phases but with bright ([24] < 7)
MIPS detections. Phase 3 also includes a search for heavily
reddened Class II sources that were misclassified as Class I in
Phase 1, identified by a lack of adequate 24 pwm excess.

[45] - [5.5]

il

O L L L L A

(@]

[3.6] — [4.5]

,\\)
o
N
~ b
o
[og]
o

[4.5] = [24]

Figure 19. Color—color diagrams used for the isolation of transition disk objects
(filled gray circles) and deeply embedded protostars (filled black circles).

First, sources that were considered photospheric in the
previous two phases but have excess emission at 24 pum
([5.8] — [24] > 2.5 or [4.5] — [24] > 2.5) are very interest-
ing (filled gray circles in Figure 19). These sources are typically
“Transition Disks,” Class II sources with significant dust clear-
ing within their inner disks. We have required that valid sources
in this group also have [3.6] < 14 in an effort to minimize con-
tamination from extragalactic contaminants. These objects are
marked as class “II” with an asterisk to note their special nature
in the tables.

Second, many young sources are so deeply embedded that
we cannot extract usable photometry in one or more of the
four IRAC bands. As such, we note any source as a likely
deeply embedded protostar” if it lacks detections in some IRAC
bands yet has bright MIPS 24 um photometry ([24] < 7
and [X] — [24] > 4.5 mag, where [X] is the photometry
for the longest wavelength IRAC detection that we possess).
The adopted magnitude limit at 24 um is needed to mitigate
extragalactic source contamination. The specific value that we
adopt here is slightly more conservative than that adopted by
c2d (Harvey et al. 2006). Furthermore, with the addition of
the 24 um data, we have more information to filter lower

7 Classifying sources as bona fide Class 0 protostars requires a detailed
treatment including submillimeter flux measurements which are beyond the
scope of this paper. As such, these sources are still labeled Class I in Table 5,
but with the addition of an asterisk to note their anomalous nature.
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luminosity YSOs from our AGN candidates and shock emission
dominated sources flagged in Section A.1. We reinclude flagged
sources as likely protostars if they have both bright MIPS 24 um
photometry ([24] < 7, as before) and convincingly red IRAC/
MIPS colors ([3.6] — [5.8] > 0.5 and [4.5] — [24] > 4.5 and
[8.0] —[24] > 4). The filled black circles in Figure 19 show the
full distribution of these objects in the IRAC and MIPS 24 um
color planes.

Finally, all previously identified protostars that have 24 um
detections are checked to ensure that their SEDs do indeed
continue to rise from IRAC to MIPS wavelengths. All protostars
that have MIPS detections must have [5.8] — [24] > 4 if
they possess 5.8 um photometry, otherwise they must have
[4.5]—[24] > 4.If a source does not meet this color requirement,
it is likely a highly reddened Class II and reclassified as such.

APPENDIX B

CIRCLES, ELLIPSES, CONVEX HULLS, AND ASPECT
RATIOS

The choice of method for determining the circular radius of a
source grouping, R.i, is an important one, as not only is this an
overall cluster size measurement, it is also a key component of
the measurement of aspect ratios of non-circular distributions.
In the case of an approximately elliptical distribution, Rcix
is the semimajor axis of the elliptical area. As mentioned in
Section 5, we have departed from the more standard definition
of the circular radius of a cluster (the radial distance from
the mean of the source positions to the furthest source; e.g.,
Cartwright & Whitworth 2004). Instead, we chose to use the
radial distance to the most distant source from use the mean
position of those sources that are the vertices of the convex
hull. This method is much less susceptible to bias from the
high uncertainty of the mean position of small-N groupings,
and is therefore less likely to overestimate the cluster area,
such as was illustrated by Schmeja & Klessen (2006) for the
standard circular radius definition. Note that for large-N uniform
or centrally concentrated groupings, the two methods produce
nearly identical results.

Schmeja & Klessen (2006) defined the “elongation” of a
cluster, &, as Rgjr./Rpuy and then performed numerous Monte
Carlo realizations of uniform surface density N = 350 member
clusters distributed in elliptical areas of varying aspect ratio
to demonstrate the efficacy of & as a functional tracer of the
aspectratio of the elliptical area. This result can be demonstrated
trivially in analytic form if we assume N is sufficiently large (350
is large), as the resulting convex hull of an elliptical distribution
of sources can be approximated by a true ellipse. The assumption
of large N also ensures that the mean position of sources has very
low uncertainty, that statistical non-uniformity in the overall
source distribution is kept to a relatively low level, and that the
convex hull area adjustment for the fraction of sources making
up the vertices of the hull is approximately unity. As such,
the area of the convex hull is wab, where a and b are the
semimajor and semiminor axes of the ellipse, respectively. It
follows then that Ry,; = +/(ab) given its definition in Section 5.
As mentioned above, R in this case is just the semimajor axis,
a, and thus the ‘elongation’ is simply «/(a/b), the square root
of the aspect ratio of the ellipse, a result that is born out in
the Monte Carlo simulations of Schmeja & Klessen (2006). For
conceptual simplicity, we have chosen to ignore the “elongation”
value, &, and instead report its square, the elliptical equivalent
aspect ratio.
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As can be noted in Tables 7 and 8, there are several regions
with reported aspect ratios below 1, contrary to the definition
of that quantity. These typically arise in small-N groups that
are effectively circular, but the granularity of the convex hull
area adjustment for small-N groups results in relatively high
uncertainty in the measured value of Rpyy. It is important to note
the uncertainty in the convex hull area associated with placing
one object more or less on the convex hull increases rapidly as
N decreases and as the fraction of members that are convex hull
vertices increases.
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