


Do	  we	  need	  to	  invoke	  
	  episodic	  accretion?	  

CTTS	  accretion	  rates	  and	  ages	  can	  entirely	  explain	  stellar	  
masses	  if:	  
-  accretion	  rates	  systemically	  low	  by	  a	  factor	  of	  5	  
-  ages	  are	  too	  young	  by	  a	  factor	  of	  2	  
-  we	  ignore	  that	  there’s	  not	  enough	  mass	  left	  in	  disks	  
	  
Accretion	  rate:	  	  	  	  	  	  	  10-‐8	  	  Msun/yr	  	  	  or	  	  	  	  	  	  10-‐7	  	  Msun/yr	  
CTTS	  lifetime:	  	  	  	  	  	  	  	  	  3	  Myr	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  or	  	  	  	  	  	  	  6	  Myr	  
Total	  accretion:	  	  	  	  	  0.03	  Msun	  	  	  	  	  	  	  	  	  	  or	  	  	  	  	  	  0.6	  Msun	  

	  does	  not	  consider	  an	  age-‐dependent	  accretion	  rate,	  ignore	  WTTs	  and	  BDs	  



UV	  Excess	  Measures	  of	  Accretion	  



Accretion	  versus	  stellar	  mass	  
(e.g.,	  Muzerolle	  et	  al.	  2005;	  Mohanty	  et	  al.	  2005;	  Natta	  et	  al.	  2006;	  Fang	  et	  al.	  

2009;	  Sicilia-‐Aguilar	  et	  al.	  2010,	  Manara	  et	  al.	  2012;	  Alcala+2014)	  

�  α	  =	  1.5-‐3;	  	  depends	  on	  
method,	  sample	  biases	  

Ṁ ! M
! (1)

Herczeg	  in	  prep	  



Line	  luminosities	  as	  indirect	  
accretion	  measurements	  
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H-alpha 

Line/continuum	  correlations	  
(e.g.	  Kuhi	  1966,	  Muzerolle
+1998,	  Natta	  et	  al.	  2000s,	  
Fang	  et	  al.	  2009,	  Alcala	  et	  al.	  
2014,	  etc.)	  
	  
Correlations	  based	  on	  a	  small	  
set	  of	  stars	  with	  U-‐band	  
accretion	  rates	  

Kuhi	  (1966)	  



Uncertain)es	  in	  accre)on	  rates	  

�  Systematic	  uncertainties:	  
-  Bolometric	  correction	  in	  accretion	  luminosity	  
-  PMS	  tracks	  
-  Factor	  of	  2	  for	  radiative	  transfer	  (Hartigan	  et	  al.	  1995)	  
-  Inner	  truncation	  radius	  (or	  random?)	  
-  Exclusion	  of	  emission	  lines	  (especially	  for	  BDs)	  

�  Random	  uncertainties	  (but	  correlated	  with	  age!):	  

-  Extinction,	  Distance	  (Lacc,	  R)	  

�  Methodological	  uncertainties	  
-  Scatter	  in	  emission	  line-‐accretion	  luminosity	  relationship	  (0.2-‐0.8	  dex)	  
-  Uncertainties	  in	  origin	  of	  line	  emission	  



Problem:	  	  We	  don’t	  know	  how	  to	  
measure	  extinctions!	  

Near-‐IR	  
extinctions	  would	  
lead	  to	  5x	  higher	  
accretion	  rates	  



Variability	  in	  extinction	  
(Herczeg	  in	  prep;	  see	  also	  Luisa’s	  talk)	  

Gray	  extinction	   Stellar	  luminosity	  change	  
(not	  extinction)	  

Extinction,	  photosphere,	  and	  accretion	  variability	  
in	  CTTSs,	  presumably	  also	  for	  younger	  objects	  



Variability	  in	  accretion	  
(Herczeg	  in	  prep,	  see	  also	  Luisa’s	  talk)	  

Costigan+2013:	  	  accretion	  rates	  vary	  by	  factor	  of	  2,	  
Observed	  differences	  may	  be	  rotation	  and	  not	  real	  



Time	  evolution	  of	  accretion:	  
�  Salyk	  et	  al.	  2013:	  	  Pfund	  beta,	  

reduces	  extinction	  problems	  
for	  embedded	  objects	  

�  Class	  I	  ccretion	  rates	  of	  
10-‐7-‐10-‐8	  Msun/yr	  

�  No	  clear	  differences	  between	  
Class	  I	  and	  Class	  II	  accretion	  
rates	  

Likely	  missing	  the	  high	  accretion	  
rates	  during	  episodic	  outbursts	  
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dusty disk reflected the evolution of the total surface density,
with the dusty and gaseous components evolving “in parallel”
(Sicilia-Aguilar et al. 2006a; Fedele et al. 2009). Nevertheless,
the fact that most of the Tr 37 disks are substantially evolved
and do not have large accretion rates makes this trend weak.

Therefore, we find that the objects with the highest accretion
rates tend to have the most flared disks and that there are no
TOs with Ṁ > 10!8 M" yr!1. Nevertheless, the distribution
of accretion rates of TO and CTTS disks are not significantly
different (within the limitations of small number statistics; see
Section 3.3), and the median accretion rate is the same for
accreting TO and normal CTTS disks (2 # 10!9 M" yr!1 and
3 # 10!9 M" yr!1, respectively). Most of the CTTSs in Tr 37
have relatively low accretion rates (few times 10!9 M" yr!1),
which makes them indistinguishable of the accreting TO in
terms of the accretion rate. The large number of CTTSs with
low Ṁ suggests that, in general, accretion rates as low as 10!9–
10!10 M" yr!1 do not necessarily cause the opening of an inner
hole, as had been suggested by photoevaporation models (Clarke
et al. 2001; Ercolano et al. 2009a).

Nevertheless, about half of the TOs do not show U-band
excess nor H! line broadening, which sets upper limits to
the accretion of !10!11 M" yr!1, despite having similar disk
slopes than the accreting TO (see Figure 1). None of the objects
with normal near-IR excess lacks evidence of accretion, which
reveals an important difference between TO and normal disks
and points out relevant physical differences between accreting
and non-accreting TOs, as has also been inferred from near-
IR spectroscopy (Salyk et al. 2009). Conversely, accretion in
objects without any IR excess at Spitzer/IRAC wavelengths
(and thus, large holes >10 AU) seems rare. We found one
object (13-819) with broad H!, a measurable accretion rate,
and no excess down to 8 µm, although two more objects could
represent similar cases (21-895a and 12-1422). Since our MIPS
24 µm survey did not detect photospheres of solar-type stars,
these objects could still have an excess longward of 8 µm and
thus a disk with a few-AU holes.

3.2. Accretion Evolution and the Ṁ versus M relation

In light of the new data for Cep OB2, we examine the time
evolution of the accretion rate and the Ṁ versus M relation.
Accretion rates for T Tauri disks are thought to decrease with
time in a way that is consistent with the evolution of a viscous
disk (Hartmann et al. 1998; Muzerolle et al. 2000; Sicilia-
Aguilar et al. 2005a, 2006a). Figure 2 shows the accretion
rates of the Cep OB2 objects versus their individual ages,
compared to the values measured in other regions: Taurus, "
Ophiuchus, Chamaeleon I, and TW Hya (Muzerolle et al. 2000),
and the Orion L 1630N and L 1641 clouds (Fang et al. 2009),
and to the predictions of viscous disk evolutionary models
(Hartmann et al. 1998). Although the ages of individual objects
are uncertain, given the presence of unresolved binaries and the
stellar variability, the global age differences between regions
are real. For the G-type stars, the uncertainties in the birth line
(Hartmann 2003) result in uncertain ages. Since G-type stars
also have more massive disks and higher accretion rates, and
our sample contains very few stars earlier than K0 (the median
spectral type is K7), we study the time variation of the accretion
rate concentrating on objects with spectral types K-M2 only.

The Cep OB2 data in Figure 2 are consistent with the
picture of viscous disk evolution, finding a moderate correlation
between Ṁ and age (r $ 0.32, p = 0.03). Although the ages of
individual objects in Tr 37 are uncertain, the global age spread

Figure 2. Accretion vs. stellar age. Detected accretion rates are represented
by filled squares. Upper limits are shown as inverted open triangles. The upper
limits based on H! spectroscopy (Ṁ < 10!11 M" yr!1 for narrow lines) are also
displayed. The plot includes data from other regions (Muzerolle et al. 2000; Fang
et al. 2009). We also display a collection of viscous disk evolutionary models
(Hartmann et al. 1998) for solar-type stars with initial disk masses $0.1–0.2 M",
constant viscosity ! = 10!2, and viscosity exponent # = 1. Note that individual
ages have large errors (not shown), mostly due to the presence of unresolved
binaries and variability. TOs in Cep OB2 and in the Orion L 1630N and L 1641
clouds are marked with a large circle around the corresponding symbol. The
Spearman rank correlation coefficient and probability of random distribution for
the log(Ṁ) vs. log(age) relation are r $ 0.60, p < 0.001 (including the stars in
all the regions, but excluding the non-accreting objects).
(A color version of this figure is available in the online journal.)

in Figure 2 is real, as there is a younger ($1 Myr) population
in Tr 37, associated with the IC 1396A globule, and an age
gradient throughout the cluster (Sicilia-Aguilar et al. 2005a).
Including the rest of regions mentioned above, the picture
of viscous evolution becomes more clear, and the correlation
between age and Ṁ becomes very strong (r $ 0.60, p < 0.001).
The large range of Ṁ displayed by objects with a similar age
confirms that accretion (and disk) evolution does not happen in
the same way in all objects: at any given age, there are many
objects that do not have disks and are not accreting. In Tr 37,
the number of non-accreting stars is similar to the number of
accretors. The initial disk mass and viscosity law affect Ṁ (t),
but viscous evolution alone would not result in so many diskless
stars at intermediate ages. Photoevaporation may contribute to
removing large amounts of gas and shorten the disk lifetimes
(Clarke et al. 2001; Alexander et al. 2006b; Gorti et al. 2009).

Although the accretion data in Cep OB2 and other regions
are roughly consistent with viscous evolution (Figure 2), some
differences observed provide clues to the different processes
that result in disk evolution and dissipation, as well as the
typical disk characteristics. The global distribution of accretion
rates suggests that the initial disk mass, which controls the
initial Ṁ and thus results in higher or lower accretion rates
throughout the time, is higher than the 0.1 M" assumed by
Hartmann et al. (1998).7 This disk mass had been calculated
from millimeter observations, and we know now that they
are probably underestimated by up to an order of magnitude
(Andrews & Williams 2007). An initially higher disk mass by a
factor of 2–3 would thus be more consistent with the accretion

7 Note that an initial disk mass $0.1 M" results in a disk mass comparable to
the minimum mass for the solar nebula, $0.01 M" at 1 Myr age.

Sicilia	  Aguilar+2010,	  but	  
possible	  mass	  dependence	  

and	  correlated	  errors	  



Age	  Measurements:	  HR	  diagram	  

Every	  cluster	  has	  a	  
lot	  of	  scatter:	  	  ages	  
of	  individual	  stars	  
are	  unreliable	  

	  

Relative	  cluster	  ages	  
reliable	  



Age	  Measurements:	  HR	  diagram	  

Equal	  T=3900,	  not	  equal	  mass	  



Ages	  of	  intermediate	  mass	  stars	  
(Naylor	  2009,	  Bell+2013;	  Pecaut	  &	  Mamajek	  2012)	  

Hipparcos	  membership	  (De	  Zeeuw+1999);	  evolutionary	  
tracks	  with	  rotation	  

M-‐dwarfs	  and	  previous	  intermediate-‐mass	  age:	  	  5	  Myr	  
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Figure 15. H-R diagram for Upper Sco G-type stars taken from Preibisch &
Zinnecker (1999) (solid triangles) and de Zeeuw et al. (1999) (solid circles) with
Tycho-2 proper motions within the de Zeeuw et al. (1999) boundaries. F-type
members (this work) are shown for continuity (crosses). Plotted for comparison
are 5, 10, 15, 20, and 30 Myr isochrones from the Dotter et al. (2008) models.

using kinematic data holds obvious appeal since it does not
depend on stellar evolution models. However, Brown et al.
(1997), performing simulations of expanding OB associations
and analyzing the resulting simulated proper motion data, found
major problems with kinematic expansion ages which only
rely on proper motion data. They found that expansion ages
determined by tracing the proper motion of the stars back to
their smallest configuration, as was performed in Blaauw (1978)
to obtain the often quoted age of 5 Myr for US, always lead
to underestimated ages and that all age estimates converge to
!4 Myr. Furthermore, they found that the initial size of the OB
association provided by this method is always overestimated.
The Brown et al. (1997) study found that kinematic expansion
ages determined using proper motion data alone are essentially
meaningless.

Radial velocities must be considered in order to derive a
meaningful expansion age. Given the availability of good quality
trigonometric parallax and radial velocity data and the findings
of Brown et al. (1997), we revisit the expansion age for US
here. Following Mamajek (2005), we adopt a Blaauw expansion
model (Blaauw 1956, 1964) which gives the observed radial
velocity for parallel motion as

vobs = v" cos ! + "r + K,

where v" is the centroid speed of the group, ! is the angular
distance to the convergent point, v" cos ! = vpred is the predicted
radial velocity with no expansion, " is the expansion term in
units of km s#1 pc#1, r is the distance to the star in pc, and
K is an offset term which may include intrinsic effects (e.g.,
convective blueshift or gravitational redshift). We then write the
difference between the predicted and observed radial velocities
as

vobs # vpred = !VR = "r + K

so that " is the slope in the plot of !VR versus r:

" = d(!VR)
dr

.

Table 11
Median Ages of the G-Type Upper Sco Members

Evolutionary Age
Tracks (Myr)

Dartmouth 8 ± 4
Yonsei-Yale 9 ± 3
SDF00 14 ± 4
DM97 8 ± 4

Median 9
Statistical uncertainty ±2
Systematic uncertainty ±3

Notes. Uncertainties represent the 1# dispersion in the
Chauvenet’s-criterion clipped ages (Bevington & Robinson
2003). The uncertainty in the median is the 68% confidence limit
as described in Gott et al. (2001) (statistical) and the dispersion
in ages (systematic).

The expansion age in Myr is then

$ = % #1"#1,

where % = 1.0227 pc s Myr#1 km#1, a conversion factor.
To determine the expansion age we have started with the

entire de Zeeuw et al. (1999) sample for which radial ve-
locity measurements were available in the literature (listed in
Table 12), since these all have individual trigonometric paral-
laxes. We have used radial velocities from Dahm et al. (2011),
Chen et al. (2011), Gontcharov (2006), and Duflot et al. (1995).
We limited the sample to those de Zeeuw et al. (1999) candidate
members which have revised Hipparcos distances (van Leeuwen
2007)11 within 50 pc of the mean US distance (145 pc; de Zeeuw
et al. 1999). We also excluded candidate members with radial
velocities more than 20 km s#1 discrepant from the predicted
radial velocities, as these are almost certainly non-members or
unresolved binaries. Our vpred is calculated using the new best
estimate of the mean UVW motion of Upper Sco, detailed in
Chen et al. (2011). The one-dimensional velocity dispersion in
US is 1.3 km s#1 (de Bruijne 1999b). In order to determine if
there is evidence of expansion, we plot the distance r versus
!VR in Figure 16. Expansion would be exhibited by a positive
correlation between the distance and !VR , characterized by the
slope (") of a line fit to the data. To take into account the ob-
servational errors in distance and radial velocity in fitting a line
to the data, we performed a Monte Carlo simulation in which
we added random Gaussian errors commensurate with each ob-
servational error to the observed data point, and then we fit a
line using an unweighted total least squares algorithm. We per-
formed 50,000 trials and then used the median and 1# spread
to quantify the effect of the uncertainties in the observational
data on the slope. This yielded a Pearson r of #0.03 ± 0.11 and
a best-fit line with a slope of " = #0.01 ± 0.04 km s#1 pc#1.
If we consider only models of expansion (i.e., " > 0), then the
99% confidence lower limit on the expansion age is 10.5 Myr.
However, the results are statistically consistent with no expan-
sion. For an expansion age of 5 ± 2 Myr we would expect
" = 0.20+0.13

#0.06 km s#1 pc#1, and an expansion age of 10 ±
2 Myr would have " = 0.10 ± 0.02 km s#1 pc#1. Given that we
are only able to obtain a lower limit on the expansion age for
US and our expansion data are statistically consistent with no
expansion, we do not consider our 99% confidence lower limit
in the final age determination for US.

11 Distances are simply the inverse of the trigonometric parallax.
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Table 12
Properties of Upper Sco Members Used For Expansion Age

HIP d vrad(pred.) vrad(obs.) References
(pc) (km s!1) (km s!1)

76071 175 ± 20 !5.3 !6.1 ± 2.3 1
76310 151 ± 13 !4.4 !2.5 ± 0.6 1
76503 190 ± 13 !4.4 3.7 ± 20.0 2
76633 145 ± 18 !6.2 !2.8 ± 2.2 3
77635 152 ± 6 !5.0 !3.0 ± 4.7 3
77813 105 ± 14 !6.8 !5.4 ± 0.4 4
77840 154 ± 12 !5.2 !9.3 ± 1.6 3
77858 129 ± 9 !5.4 !6.3 ± 20.0 2
77859 131 ± 6 !5.6 !9.2 ± 3.1 3
77900 158 ± 12 !4.6 !1.3 ± 2.6 3
77909 158 ± 11 !5.2 !8.7 ± 4.3 3
77911 148 ± 12 !5.9 !2.9 ± 2.6 1
78099 141 ± 15 !5.9 !6.5 ± 2.9 3
78104 145 ± 4 !4.2 3.3 ± 20.0 2
78207 143 ± 5 !8.3 1.5 ± 2.2 1
78246 170 ± 7 !5.5 !12.1 ± 3.4 3
78265 180 ± 21 !5.1 !11.7 ± 10.0 2
78530 157 ± 13 !6.4 !9.0 ± 4.4 3
78549 146 ± 12 !6.2 !5.0 ± 5.0 3
78663 144 ± 24 !4.1 !11.3 ± 0.3 4
78809 144 ± 12 !6.0 !5.5 ± 3.2 1
78820 124 ± 12 !7.1 !1.0 ± 2.0 3
78847 162 ± 21 !6.5 !23.0 ± 3.0 1
78877 161 ± 17 !6.0 !6.6 ± 4.3 3
78933 145 ± 5 !6.9 !4.4 ± 3.0 3
78996 108 ± 10 !6.0 !7.9 ± 2.0 1
79031 119 ± 6 !5.9 !4.9 ± 2.8 3
79054 139 ± 20 !6.0 !4.1 ± 0.7 4
79098 136 ± 6 !6.1 !16.0 ± 5.4 5
79124 123 ± 10 !7.4 !18.1 ± 1.9 1
79156 170 ± 26 !7.3 !3.7 ± 1.9 1
79252 126 ± 35 !6.6 !3.8 ± 0.3 4
79258 114 ± 14 !3.6 !18.0 ± 0.3 4
79288 150 ± 22 !5.7 !2.9 ± 0.3 4
79369 122 ± 21 !6.9 !6.7 ± 0.3 4
79374 145 ± 16 !7.4 !14.2 ± 1.6 5
79404 147 ± 3 !5.0 !3.8 ± 10.0 2
79410 140 ± 22 !7.3 !6.2 ± 2.6 1
79439 132 ± 19 !7.4 !5.6 ± 0.2 1
79530 144 ± 13 !6.0 3.4 ± 2.5 3
79596 175 ± 11 !3.6 !22.6 ± 0.4 3
79599 109 ± 7 !7.0 !7.8 ± 1.7 3
79622 149 ± 9 !5.8 !8.4 ± 2.7 3
79785 101 ± 6 !7.0 !6.4 ± 0.2 1
79878 129 ± 8 !5.1 !3.4 ± 0.6 1
79910 149 ± 33 !7.0 !6.6 ± 0.7 4
79977 123 ± 16 !7.1 !2.8 ± 0.3 4
80019 173 ± 33 !7.4 !15.0 ± 3.9 5
80024 163 ± 21 !7.4 !4.0 ± 1.4 1
80088 139 ± 34 !6.8 !7.5 ± 2.2 1
80126 151 ± 13 !6.5 !3.0 ± 6.5 5
80320 142 ± 23 !4.8 1.7 ± 0.3 4
80324 110 ± 12 !3.8 !2.1 ± 1.5 3
80461 125 ± 12 !6.6 !6.8 ± 2.9 5
80473 111 ± 11 !6.6 !11.4 ± 3.0 3
80474 135 ± 11 !6.7 !11.0 ± 2.4 5
80493 135 ± 16 !5.8 !7.4 ± 1.9 1
80535 120 ± 17 !5.5 !4.0 ± 0.3 4
80569 161 ± 6 !8.1 !19.0 ± 2.1 3
80763 170 ± 29 !5.9 !3.5 ± 0.8 3
80896 142 ± 25 !4.9 3.3 ± 2.7 1
81266 145 ± 11 !5.5 1.7 ± 0.9 3
81455 105 ± 15 !5.2 !3.2 ± 0.5 4
82218 136 ± 20 !8.2 !6.7 ± 0.3 4
82319 104 ± 19 !7.4 !18.3 ± 1.3 1

Notes. Distances are derived using trigonometric parallaxes from van Leeuwen (2007).
References. (1) Dahm et al. 2011; (2) Duflot et al. 1995; (3) Gontcharov 2006;
(4) Chen et al. 2011; (5) Barbier-Brossat & Figon 2000.

Figure 16. Distance (r) vs. the difference between the observed and predicted
radial velocity (VR). The sample includes US candidate members from de Zeeuw
et al. (1999) within 50 pc of the mean US distance and with measured radial
velocities within 20 km s!1 of the predicted value. If US is expanding, the
closest members should be more blueshifted and the further members should be
more redshifted. A series of Monte Carlo simulations gives a best-fit slope of
! = !0.01 ± 0.04 km s!1 pc!1, which places a 99% confidence lower limit on
the expansion age of 10.5 Myr.

Table 13
Upper Sco Age Estimates

Sample Age
(Myr)

F-Type PMS 13 ± 1
Main-sequence Turnoff 10 ± 2
Antares 12 ± 2
A-Type Turn-on 10 ± 3
G-Type PMS 9 ± 2

Adopted Age 11
Statistical uncertainty ±1
Systematic uncertainty ±2

5.7. What is the Best Median Age for Upper Sco?

Every age indicator we have examined thus far has yielded
an age of Upper Sco of 9–13 Myr, summarized in Table 13. The
youngest median age comes from the G-type stars at "9 Myr,
and the oldest from the F-type stars at "13 Myr, so we can
conclude with confidence that US must be between 9 and 13 Myr
old. Regarding each segment of the H-R diagram as independent,
we simply take the mean age of our values—"10 Myr for the
main-sequence turnoff, "12 Myr for Antares, "10 Myr for the
A-type stars, "13 Myr for the F-type members, and "9 Myr
for the G-type members. This gives a final adopted age of 11 ±
1 Myr (s.e.m., statistical) for Upper Sco, which is more than
twice the currently accepted age (Preibisch et al. 2002). As
each segment of the H-R diagram provides an independent age,
we estimate our systematic uncertainty as the 1" dispersion of
these independent ages, which yields a systematic uncertainty
of ±2 Myr.

5.8. Implications of an Older Upper Sco

Upper Sco has been a benchmark stellar population in studies
of circumstellar disk lifetimes (e.g., Carpenter et al. 2006), but
has a lower primordial disk fraction when compared to other
stellar populations at 5 Myr (e.g., # Ori; Barrado y Navascués
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Moving	  Group	  Isochrone:	  
age	  depends	  on	  SpT/mass	  

Luhman	  2004	  

Slope	  consistent	  with	  
Pisa/Tognelli+	  tracks	  

Membership:	  Malo+2013,	  
Murphy+2013,	  Weinberger
+2013,	  Ducourant+2014,	  etc.	  



Age	  depends	  on	  SpT	  
(Tuc-‐Hor,	  Kraus+2014)	  



Calibrating	  low-‐mass	  PMS	  ages	  

Age	  scaled	  to	  3900	  K	  
	  
Mix	  Pisa/Tognelli	  
slope	  with	  age	  from	  
Barrafe+Chabrier	  
Lyon	  isochrones	  
	  
BPMG:	  older	  than	  Li	  
age	  (Binks	  &	  Jeffries	  
2014)	  



Implications	  of	  older	  ages:	  
timescales	  for	  Class	  0-‐Class	  II	  are	  longer!	  

x	  2?	  	  if	  we	  believe	  evolutionary	  
tracks	  of	  2-‐4	  Msun	  stars	  

Factor	  of	  2	  offset	  in	  age?
Naylor	  2009,	  Bell+2013,	  and	  
Pecaut	  &	  Mamajek	  2012	  	  

Hernandez+2007	  



Envelope	  lifetimes:	  	  	  
is	  there	  a	  mass	  dependence	  in	  statistics?	  336 EVANS ET AL. Vol. 181

Figure 5. Pie charts for each cloud and for the total, showing the percentage of sources in each SED class. Red is Class I, green is Flat, blue is Class II, and purple is
Class III.
(A color version of this figure is available in the online journal.)

but this estimate depends on the assumption of an age for the
Class II phase. Interestingly, our estimate agrees better with the
original estimate of 0.39 Myr for the Class I stage by Wilking
et al. (1989) because they assumed an age of 0.4 Myr for the
Class II stage in the L1688 cluster and found equal numbers. So
we obtain the same answer but with totally different data and
assumptions.

The uncertainties in these numbers are clearly not dominated
by small number statistics any longer. While the original
definition of classes did not include extinction corrections, it
appears that an approximate correction leads to 10% and 20%
shorter lifetimes for the Flat and Class I phases. The limitations
of the underlying assumptions dominate the uncertainties. In
particular, the continuous formation assumption is dubious. If
star formation in a particular region decreased or stopped within
the last 2 Myr, we would underestimate the lifetime for the
Class I and Flat classes. Conversely, if star formation began or
increased within the last 2 Myr, we would overestimate those
lifetimes. Evidence for these effects can be seen in the lifetimes
calculated cloud by cloud in Table 5. For Class I, these vary
from t(I ) = 0.2 Myr (Cha II and Lupus) to t(I ) = 0.77 Myr
in Perseus, which supplies over half the Class I objects and
nearly 40% of all YSOs in our sample. Since Perseus clearly
had significant star formation in the IC348 region 3 Myr ago, it
does not obviously violate the continuous formation assumption,
but there may have been a recent burst. If we take an extreme
position and leave Perseus out of the average, !t(I )" = 0.40 Myr.

Our only defense against these issues is to hope that averaging
over all the clouds provides some cancellation of biases. Since
we selected our clouds to have a range of known star-formation
activity, the sample should not be too heavily biased, but it does
contain three of the most active nearby regions. Once the data
from the Taurus cloud and the Gould Belt Survey are available
in the same form as the c2d data, these numbers should be
recomputed.

One possible systematic bias toward overestimating Class
I lifetimes would arise if low-mass objects are found in our

sample when they are young and accreting but fall into the
galaxy confusion region during the Class II stage. We start to lose
Class II sources around the stellar/substellar boundary, based on
a few examples. If we assume that we miss all substellar objects,
which is too extreme, we would miss 10–30% of Class II sources
(e.g., Andersen et al. 2006; Luhman et al. 2007), which would
introduce a comparable percentage error in the Class I lifetime.

6. ALTERNATIVE CLASSIFICATIONS

In this section, we raise some questions about the use of
the class system defined by Greene et al. (1994) to categorize
YSOs. First, we retain ! as the discriminant, and discuss
uncertainties attendant on the choice of wavelengths and method
of calculating !. We then discuss alternatives for very early and
very late stages.

6.1. Definition of Classes with !

The original definition (Lada & Wilking 1984) used wave-
lengths between 2 and 20 µm to define !. We use a least-squared
fit to any data in Table 8 between 2 and 24 µm. More recently,
Lada et al. (2006) have used a fit to only the four IRAC bands
(3.6–8.0 µm) in a study of disks in IC348. How much differ-
ence does the choice of wavelength range make?We classified
sources both ways (Table 6). Using only IRAC bands moves
sources from earlier to later classes in such a way that we get
more Class III (by 47%), fewer Class I (by 8%), fewer Flat SEDs
(by 15%), and fewer Class II (by 8%). Reddening will have a
larger effect at shorter wavelengths, which biases ! upward, pro-
ducing “Flat” SEDs that are clearly reddened Class II sources
when the full SED is examined. Thus, different definitions of
! can result in 10–15% difference in inferred lifetimes for the
earlier SED phases. We did another experiment, using sources
in Cha II, for which we have spectral types (Spezzi et al. 2008),
allowing photometry to be corrected for extinction. Indeed, the
values of ! calculated after extinction corrections were smaller,
with a mean difference of 0.2. This was not enough to affect

Evans+2009	  



Luminosity	  (age)	  spread	  
(Da	  Rio+2010/2012;	  Reggiani+2011)	  

Standard	  deviation	  0.4	  
dex	  in	  age	  
	  
Better	  data:	  two	  
discrepant	  points	  are	  no	  
longer	  discrepant!	  
	  
Observational	  errors	  
significantly	  
underestimated	  

See	  also	  Soderblom+	  PPVI	  review	  and	  Herczeg	  &	  Hillenbrand	  
(2014)	  for	  discussion	  on	  observational	  uncertainties,	  new	  SpT/Av	  



Episodic	  accretion:	  minimal	  lasting	  effects	  
(Sergison+2013)	  
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Li	  depletion:	  	  cold	  
accretion	  rates	  of	  
5	  10-‐4	  Msun/yr	  in	  
<0.5%	  of	  objects	  



Skeptical	  conclusions?	  
�  Accretion	  rates	  may	  be	  underestimated	  by	  a	  factor	  of	  4	  
-  Factor	  of	  2	  systematic	  uncertainties	  

�  PMS	  ages	  are	  likely	  underestimated	  by	  a	  factor	  of	  1.5-‐2	  
-  Stage	  0-‐2	  lifetimes	  are	  longer!	  
-  Can	  find	  ad	  hoc	  low	  mass	  PMS	  tracks	  to	  reproduce	  IM	  ages	  
-  Are	  envelope	  lifetimes	  based	  on	  appropriate	  mass	  

comparison?	  

�  A	  parameter	  space	  may	  exist	  whereby	  stellar	  masses	  do	  not	  
require	  episodic	  accretion	  
-  Observational	  constraints	  from	  tracks	  with	  episodic	  accretion?	  
-  Limits	  on	  major	  events:	  	  Sergison+2013	  


