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ṁhigh�thigh

< mf >
=

10�4M�/yr 1200yr
0.5M�

' 0.25



Estimations: Fraction of 
Mass Accreted

Np = # of bursting sources = 20 
(observed in last 70 years)

N* = Star Formation Rate = 0.016 */yr

<mf> = 0.5 Msun

.

�thigh =
Np

Ṅ⇤
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Can Episodic Accretion 
Solve Open Problems in 

Star formation ??



(Embarrassing) Problem # 1: 
Luminosity Problem (I) 
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<L>obs ≅2 Lsun for Class 0, I (Enoch et al. 2009)

Considering only accretion:

< Lacc >= facc

✓
Gmṁ

r

◆

file://localhost/Users/soffner/Desktop/Lacc_est
file://localhost/Users/soffner/Desktop/Lacc_est


(Embarrassing) Problem # 1: 
Luminosity Problem (I) 

Protostars are dimmer than star formation models 
predict (Kenyon et al. 1990)

<L>obs ≅2 Lsun for Class 0, I (Enoch et al. 2009)

Considering only accretion:

< Lacc >= facc

✓
Gmṁ
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Protostars are dimmer than star formation models 
predict (Kenyon et al. 1990)

<L>obs ≅2 Lsun for Class 0, I (Enoch et al. 2009)

Considering only accretion:

< Lacc >= facc

✓
Gmṁ
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◆

<L>obs ≅5.3 Lsun with extinction correction 
(Evans et al. 2009) 
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Luminosities range over 3 
orders of magnitude

There are a large number 
of low-luminosity protostars

Enoch et al. 2009

(Embarrassing) Problem # 1: 
Luminosity Problem (II) 
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Ingredients

 IMF with upper mass cutoff, mu: ψC (Chabrier 2005) 

Accretion rate as a function of the instantaneous mass, 
m, and final mass, mf : dm/dt (m, mf)

Formation time as a function of stellar mass: tf (mf)

Fraction of mass accreted in bursts, fepi

Fraction of accretion energy radiated away, facc

McKee & Offner (2010,2011)
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ṁ = ṁS ' c3

s/G tf = mf/ṁS
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very uncertain since we can’t discount that the source is
undergoing an outburst and its luminosity is dominated
by accretion. However, we can be fairly confident that
mu = 3 M⇥ is a good upper limit.

The accretion timescale of the models is constrained
by the observed protostellar lifetime, i.e., how long pro-
tostars spend in the main accretion phase. Both Stage
0 (Menv > m) and Stage I (m > Menv > 0.1M⇥) pro-
tostars experience significant accretion, since a signifi-
cant fraction of the total gas is contained in the envelope
(Crapsi et al. 2008). These stages roughly correspond to
Class 0 and Class I provided that the Class I envelope
mass exceeds 0.1 M⇥. Enoch et al. (2009) estimated 0.1
±0.02 Myr for the Class 0 lifetime. For local star forming
regions, Evans et al. (2009) report an average combined
Class 0 and I lifetime of 0.44 Myr, where the three largest
clouds with the best statistics have a Class I lifetime of
0.46 Myr. Uncertainty in this estimate arises from statis-
tics and Class I/II source confusion, but the uncertainty
in the disk lifetime (2 ± 1 Myr), which is necessary to
calibrate the ages, dominates the error. Altogether, the
mean protostellar lifetime is ⇤tf ⌅ = 0.44±0.25 Myr in the
Evans et al. (2009) sample. This lifetime is significantly
longer than previous estimates, which have adopted ei-
ther the Class 0 lifetime (e.g., Kenyon et al. 1990) or the
core free-fall time (⇥0.1 Myr for a 0.5M⇥ star; e.g., My-
ers et al. 1998; Young & Evans 2005). Shorter lifetimes
exacerbate the luminosity problem. As discussed by Mc-
Kee & O�ner (2010a), one possible solution is “slow ac-
cretion,” in which accretion rates are reduced by proto-
stellar outflows or lengthened disk lifetimes. Estimated
protostellar lifetimes on the order of 0.5 Myr lend cre-
dence to a slow accretion picture.

Some studies of Class I protostars have found that
stellar luminosity dominates the total luminosity, sug-
gesting that accretion has already diminished Muzerolle
et al. (1998); White & Hillenbrand (2004); Connelley &
Greene (2010). However, these studies have not required
a minimum core gas mass for selection, as the sample
we consider here, and do not probe for tracers of dense,
warm gas, which more conclusively separate embedded
protostars from obscured Class IIs van Kempen et al.
(2009); Heiderman et al. (2010).

4.2. The Mean Luminosity, ⇤L⌅
The mean of the luminosity distribution serves as a

simple one-dimensional statistic with which to compare
the models and observations directly. In Figure 3, we plot
the mean luminosity as a function of the most massive
star forming in the cluster for each of the accretion mod-
els. We truncate the IS model at 5M⇥ since it is unreal-
istic for describing high-mass star formation. In Table 1,
we give the model values calculated assuming complete-
ness of the extinction-corrected data down to 0.05L⇥ for
mu = 3M⇥. We plot these tabulated values and the
observed mean (⇤Lobs⌅ = 5.3+2.6

�1.9 L⇥) from Evans et al.
(2009) in an inset plot in Figure 3. As with the mean
protostellar mass derived in Paper I, the mean luminos-
ity increases strongly as a function of the upper stellar
mass. Unfortunately, for mu = 3M⇥, the model spread
is small, making it di⌅cult to discriminate between mod-
els. In contrast, the model means diverge significantly for
clusters with large mu in all cases, suggesting that more

Fig. 3.— The mean total protostellar luminosity as a function
of the upper protostellar mass, mu, for each of the models with
�tf ⇥ = 0.44 Myr. For the tapered cases, n = 1, and for the ac-
celerating cases, � = 1 Myr. The inset shows the mean observed
luminosity from (Evans et al. 2009) with error bars representing
the uncertainty in the measurement and mass of the most massive
star forming in the clusters. The diamonds correspond to the val-
ues in Table 1. These values are based on Lmin = 0.05 L� and
�tf ⇥obs = 0.44 Myr, which correspond to �tf ⇥ = 0.44 Myr for the
non-accelerating cases and �tf ⇥ = 0.24 Myr for the accelerating
cases.
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Fig. 4.— Protostellar lifetime estimated using the observed mean
luminosity from the Evans et al. (2009) data as a function of the
mean luminosity from the models. The error bars on the model
lifetimes derive from the observal luminosity uncertainty. The two
observational results with uncertainty are shown by the thick set
of solid error bars.

Fig. 5.— The PLF for mu = 3M� for untapered, non-
accelerating star formation (top) and untapered, accelerating star
formation with � = 1 Myr (bottom). The observed PLF (Evans
et al. 2009) is plotted for comparison. Note that the PLF shape
is derived assuming that the accretion luminosity dominates the
total.

complete observations of high-mass star-forming regions
would be useful to distinguish models based solely upon
the mean luminosity. Note that the model means depend
upon the uncertain star-formation timescale, so that it is
not possible to make an independent comparison of the
models and observations (see discussion in §5). However,
better constraints on the star formation time in the fu-

Fig. 6.— The PLF for mu = 3M� with tapered accretion rates.
The observed PLF (Evans et al. 2009) is plotted for comparison.
Note that the PLF shape is derived assuming that the accretion
luminosity dominates the total.

ture should increase the discriminating value of the mean
luminosity in comparing models.

As shown in the plot insets, the mean observed lumi-
nosity falls above the models in all the non-accelerating
cases cases. The untapered TC and CA means, IS ta-
pered mean, and all accelerating means are consistent
with the observational error.1 This clearly indicates that
there is no luminosity problem in the traditional sense.
The resolution is a result of the longer protostellar life-
time adopted from Evans et al. (2009) and an e�ective
accretion e⇤ciency, facc, e� = 0.56 due to a radiative ef-
ficiency of 75% and allowance for episodic accretion at
the level of 25%. Altogether this reduces the predicted
luminosities for the non-accelerating cases by a factor of
� 3.

The mean luminosities in the accelerating cases are
up to 30% lower than in the fiducial non-accelerating
cases for a fixed value of ⇤tf ⌅ because the accelerating
cases have more low-mass protostars. However, for a
given observed value of ⇤tf ⌅obs, the mean luminosities
are raised since their formation time is a factor ⇥ 2.3
smaller, as shown in equation (25). It is this adjustment
that accounts for the good agreement of the accelerating
models with the observations.

Allowing the accretion rates to taper o� during the
accretion period has a varying e�ect on the mean lumi-

1 The CA luminosity distribution extends to both the highest
and the lowest luminosities, so that it yields the largest mean when
a cuto� of 0.05L� is applied and the curve is re-normalized thus
weighting the highest luminosities more heavily; the IS case is least
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around a luminosity much higher than the cuto�.
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Fig. 4.— Protostellar lifetime estimated using the observed mean
luminosity from the Evans et al. (2009) data as a function of the
mean luminosity from the models. The error bars on the model
lifetimes derive from the observal luminosity uncertainty. The two
observational results with uncertainty are shown by the thick set
of solid error bars.

Fig. 5.— The PLF for mu = 3M� for untapered, non-
accelerating star formation (top) and untapered, accelerating star
formation with � = 1 Myr (bottom). The observed PLF (Evans
et al. 2009) is plotted for comparison. Note that the PLF shape
is derived assuming that the accretion luminosity dominates the
total.

complete observations of high-mass star-forming regions
would be useful to distinguish models based solely upon
the mean luminosity. Note that the model means depend
upon the uncertain star-formation timescale, so that it is
not possible to make an independent comparison of the
models and observations (see discussion in §5). However,
better constraints on the star formation time in the fu-

Fig. 6.— The PLF for mu = 3M� with tapered accretion rates.
The observed PLF (Evans et al. 2009) is plotted for comparison.
Note that the PLF shape is derived assuming that the accretion
luminosity dominates the total.

ture should increase the discriminating value of the mean
luminosity in comparing models.

As shown in the plot insets, the mean observed lumi-
nosity falls above the models in all the non-accelerating
cases cases. The untapered TC and CA means, IS ta-
pered mean, and all accelerating means are consistent
with the observational error.1 This clearly indicates that
there is no luminosity problem in the traditional sense.
The resolution is a result of the longer protostellar life-
time adopted from Evans et al. (2009) and an e�ective
accretion e⇤ciency, facc, e� = 0.56 due to a radiative ef-
ficiency of 75% and allowance for episodic accretion at
the level of 25%. Altogether this reduces the predicted
luminosities for the non-accelerating cases by a factor of
� 3.

The mean luminosities in the accelerating cases are
up to 30% lower than in the fiducial non-accelerating
cases for a fixed value of ⇤tf ⌅ because the accelerating
cases have more low-mass protostars. However, for a
given observed value of ⇤tf ⌅obs, the mean luminosities
are raised since their formation time is a factor ⇥ 2.3
smaller, as shown in equation (25). It is this adjustment
that accounts for the good agreement of the accelerating
models with the observations.

Allowing the accretion rates to taper o� during the
accretion period has a varying e�ect on the mean lumi-

1 The CA luminosity distribution extends to both the highest
and the lowest luminosities, so that it yields the largest mean when
a cuto� of 0.05L� is applied and the curve is re-normalized thus
weighting the highest luminosities more heavily; the IS case is least
a�ected by this luminosity truncation since it is strongly peaked
around a luminosity much higher than the cuto�.
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luminosity in comparing models.

As shown in the plot insets, the mean observed lumi-
nosity falls above the models in all the non-accelerating
cases cases. The untapered TC and CA means, IS ta-
pered mean, and all accelerating means are consistent
with the observational error.1 This clearly indicates that
there is no luminosity problem in the traditional sense.
The resolution is a result of the longer protostellar life-
time adopted from Evans et al. (2009) and an e�ective
accretion e⇤ciency, facc, e� = 0.56 due to a radiative ef-
ficiency of 75% and allowance for episodic accretion at
the level of 25%. Altogether this reduces the predicted
luminosities for the non-accelerating cases by a factor of
� 3.

The mean luminosities in the accelerating cases are
up to 30% lower than in the fiducial non-accelerating
cases for a fixed value of ⇤tf ⌅ because the accelerating
cases have more low-mass protostars. However, for a
given observed value of ⇤tf ⌅obs, the mean luminosities
are raised since their formation time is a factor ⇥ 2.3
smaller, as shown in equation (25). It is this adjustment
that accounts for the good agreement of the accelerating
models with the observations.

Allowing the accretion rates to taper o� during the
accretion period has a varying e�ect on the mean lumi-

1 The CA luminosity distribution extends to both the highest
and the lowest luminosities, so that it yields the largest mean when
a cuto� of 0.05L� is applied and the curve is re-normalized thus
weighting the highest luminosities more heavily; the IS case is least
a�ected by this luminosity truncation since it is strongly peaked
around a luminosity much higher than the cuto�.
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Verdict on Episodic Accretion
Assuming some radiative inefficiency, facc=0.75, and some 
episodic accretion, fepi=0.25, there is no luminosity 
problem (I)

If fepi=0.25, models suggest <tf> = 0.3±0.1 Myr

Episodic accretion is not needed to broaden the 
distribution -- if mdot depends on m, mf there is no 
luminosity problem (II)

Models with constant star formation time (CA, TC) agree 
better than models with constant accretion rates (IS)



Can Episodic Accretion 
Solve Open Problems in 

Star formation ??

Problem # 2:
Stellar Ages



For example:

D’Antona & Mazzitelli 
(1994)

Baraffe et al. (1998)

Siess et al. (2000)

Palla & Stahler (1999, 
2000)

Hartmann (2001, 2003)

ONC 
(Da Rio et al. 2009)

How old are young stars?
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TABLE 1
Model parameters and results

Case Accretion history Boundary condition R∗,0 (R") M∗,d (M") M∗,f (M") R∗,f (R") tf (kyr)

1a. Varying Accretion History, Fixed Initial and Boundary Conditions

mC5-C 10−5 M" yr−1 C 1.5 0.074 0.9 1.3 90
mE-C episodic C 1.5 0.07 0.9 1.8 90
mO-C simulationa C 1.5 0.075 0.45 1.3 110

mOx2-C simulationa C 1.5 0.077 0.9 1.1 110
mOx0.5-C simulationa C 1.5 0.073 0.23 1.3 110

1b. Fixed Accretion History, Varying Initial and Boundary Conditions

mC5-C 10−5 M" yr−1 C 1.5 0.074 0.9 1.3 90
mC5-C-sRi 10−5 M" yr−1 C 0.3 0.035 0.9 0.64 90
mC5-H 10−5 M" yr−1 H 4.2 0.34 0.9 4.6 90
mC5-HC 10−5 M" yr−1 H → Cb 4.2 (3.3)b 0.25 0.9 3.6 90

Note. — Col. 2: see main text for details of the accretion histories we use; Col. 3: H = hot accretion, C = cold accretion;
Col. 4: initial stellar radius when M∗ = 0.01 M"; Col. 5: stellar mass when core deuterium burning begins; Col. 6: final stellar
mass; Col. 7: stellar radius at the end of accretion; Col. 8: time when accretion ends
a For run mO-C the accretion history is taken from the simulations of Offner et al. (2009) (see text for details). Runs mOx0.5-C
and mOx2-C use the same accretion history, scaled by factors of 0.5 and 2, respectively.
b For run mC5-HC, the boundary condition is switched from hot to cold once the stellar mass reaches 0.1 M". The radius given
in parentheses is the stellar radius when this switch occurs.
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Fig. 1.— Time-dependent accretion histories adopted for cal-
culations of protostellar evolution. The thick solid line presents
the sample accretion history taken from the numerical simulations
of low-mass star formation by Offner et al. (2009), and used in
model mO-C. The thin solid line shows the vigorous episodic accre-
tion case used in model mE-C, where a burst-like accretion phase
at 10−4 M" yr−1 over 100 years is interspersed with a quiescent
phase at 3×10−7 M" yr−1 over 1000 years. The accretion history
over initial 40000 years is shown for this case. The small window
enlarges the evolution over the initial 4000 years.

use this model to produce 0.23, 0.45, and 0.9M! stars, as
in the mO-C models, simply by stopping accretion once
the star has reached the desired mass. Finally, model
mE-C (also shown in Figure 1) represents an extreme
case of variability: an episodic mass accretion history
where burst-like accretion events at Ṁ = 10−4 M! yr−1

over 100 years are interspersed with quiescent phases of
accretion at 3 × 10−7 M! yr−1 over 1000 years. This
model is similar to the episodic accretion histories for-
mulated by BCG09. As with mC5-C, we use this model
to produce 0.23 M!, 0.45 M!, and 0.9 M! stars sim-
ply by turning off mass accretion once the stellar mass
reaches the target value.
Figure 2 presents the evolution of the stellar radius un-

til mass accretion ceases in each case. We see that the ba-
sic evolution is similar for all cases. The stellar radius ini-
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Fig. 2.— Evolution of the stellar radius versus stellar mass for
cases mC5-C (red), mE-C (magenta), mOx0.5-C (blue solid), mO-
C (blue dashed), and mOx2-C (blue dotted), among which the
accretion histories differ but the initial and boundary conditions
do not.

tially decreases with increasing stellar mass. The temper-
ature in the stellar interior rises during this initial con-
traction. When the stellar mass reaches M∗ " 0.07 M!,
deuterium burning begins and the stellar interior be-
comes fully convective. For a while after the ignition
of deuterium, temperature at the stellar center is kept
constant at " 106 K due to the very strong temperature-
dependence of deuterium burning rate. This is the
so-called thermostat effect of deuterium burning (e.g.,
Stahler 1988). The stellar radius increases in propor-
tion to the stellar mass during this phase. Finally at
M∗ ! 0.2 M!, the thermostat effect becomes inopera-
tive and the central temperature increases again. Varia-
tion of the accretion histories only slightly influences the
evolution of the stellar radius.
Figure 3 shows the stellar positions in the HRD at

t = 0.3 Myr, 1 Myr, 3 Myr, and 10 Myr after mass
accretion begins for each mass accretion history. The
snapshot at t = 0.3 Myr shows the stellar positions just
after mass accretion ceases. Reflecting the minimal vari-
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Model Definition
Hot (α>=0.2)          vs.        Cold (α<0.2) 

“Spherical”
 Accretion directly hits and 

covers most of stellar surface 
(may arrive in a disk)

“Thermally Efficient”
Some heat carried into stellar 

interior

Shock jump boundary 
conditions

“Thin Disk”
 Accretion covers small fraction 

of the stellar surface 

“Thermally Inefficient”
Material settles softly and 
stellar photosphere radiates 
freely (most energy lost)

Photospheric boundary 
conditions



Accretion History
Cold, 

same initial 
conditions,
different 
accretion 
histories

4 T. Hosokawa et al.
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Fig. 3.— Snapshots of stellar positions in the HRD for varying accretion histories with the same initial and boundary conditions. The
four panels show the snapshots at times 0.3 Myr (upper left), 1 Myr (upper right), 3 Myr (lower left), and 10 Myr (lower right) after the
start of mass accretion. The evolutionary tracks until that time are also plotted in the panels. (Note that the luminosity plotted here
is only the stellar luminosity; accretion luminosity is not included.) The different colors represent different accretion histories: constant
accretion at 10−5 M" yr−1 (red, case mC5-C), episodic accretion (magenta, case mE-C), and decreasing accretion (blue, cases mO-C,
mOx2-C, mOx0.5-C). The input parameters in each case are summarized in Table 1. In each panel, the symbols mark the positions of
stars whose masses are 0.9 M" (asterisks), 0.45 M" (pluses), and 0.23 M" (crosses). The thick dot-solid line indicates the positions of
ZAMS stars (Siess et al. 2000). The dashed lines represent the isochrones of 1 Myr and 10 Myr for non-accreting protostars (Baraffe et al.
1998). Observational data is taken from Gatti et al. (2006, open squares), Gatti et al. (2008, filled squares), Muzerolle et al. (2005, open
triangles), and Peterson et al. (2008, filled triangles).

ation in the stars’ radii shown in Figure 2, the stellar
positions only show a small spread. This means that
the concept of the birthline is valid even with variable
accretion histories in the limiting case of cold mass ac-
cretion, provided the initial state is the same from star
to star. At t > 0.3 Myr, the stars gradually approach
the ZAMS line, descending in the HRD (Henyey et al.
1955; Hayashi 1961; Hayashi & Nakano 1963). The snap-
shot at t = 1 Myr clearly shows that the stars are below
the 1 Myr isochrone for non-accreting protostars. This
offset is larger for the higher-mass stars. In particular,
the 0.9 M! stars are close to the isochrone of 10 Myr.
The offset decreases with time, but still remains even at
t = 10 Myr for 0.9 M! stars.

This divergence between the accreting evolutionary
histories and the non-accreting isochrones is easy to un-
derstand. The isochrones for non-accreting protostars
are derived assuming a large initial radius of R∗,0 ∼

10 R!. The model PMS stars then contract from this ini-
tial state by radiating away their energy, reaching smaller
radii at larger stellar ages. On the other hand, with ther-
mally inefficient accretion the stellar radius remains as
small as R∗ ! 1 R! during mass accretion. As a re-
sult, stellar ages are overestimated using the isochrones
for non-accreting protostars in such cases. However, we
stress that this this effect has nothing to do with vari-
able accretion histories. Varying the accretion histo-
ries has a very limited effect on protostellar evolution,
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Fig. 3.— Snapshots of stellar positions in the HRD for varying accretion histories with the same initial and boundary conditions. The
four panels show the snapshots at times 0.3 Myr (upper left), 1 Myr (upper right), 3 Myr (lower left), and 10 Myr (lower right) after the
start of mass accretion. The evolutionary tracks until that time are also plotted in the panels. (Note that the luminosity plotted here
is only the stellar luminosity; accretion luminosity is not included.) The different colors represent different accretion histories: constant
accretion at 10−5 M" yr−1 (red, case mC5-C), episodic accretion (magenta, case mE-C), and decreasing accretion (blue, cases mO-C,
mOx2-C, mOx0.5-C). The input parameters in each case are summarized in Table 1. In each panel, the symbols mark the positions of
stars whose masses are 0.9 M" (asterisks), 0.45 M" (pluses), and 0.23 M" (crosses). The thick dot-solid line indicates the positions of
ZAMS stars (Siess et al. 2000). The dashed lines represent the isochrones of 1 Myr and 10 Myr for non-accreting protostars (Baraffe et al.
1998). Observational data is taken from Gatti et al. (2006, open squares), Gatti et al. (2008, filled squares), Muzerolle et al. (2005, open
triangles), and Peterson et al. (2008, filled triangles).

ation in the stars’ radii shown in Figure 2, the stellar
positions only show a small spread. This means that
the concept of the birthline is valid even with variable
accretion histories in the limiting case of cold mass ac-
cretion, provided the initial state is the same from star
to star. At t > 0.3 Myr, the stars gradually approach
the ZAMS line, descending in the HRD (Henyey et al.
1955; Hayashi 1961; Hayashi & Nakano 1963). The snap-
shot at t = 1 Myr clearly shows that the stars are below
the 1 Myr isochrone for non-accreting protostars. This
offset is larger for the higher-mass stars. In particular,
the 0.9 M! stars are close to the isochrone of 10 Myr.
The offset decreases with time, but still remains even at
t = 10 Myr for 0.9 M! stars.

This divergence between the accreting evolutionary
histories and the non-accreting isochrones is easy to un-
derstand. The isochrones for non-accreting protostars
are derived assuming a large initial radius of R∗,0 ∼

10 R!. The model PMS stars then contract from this ini-
tial state by radiating away their energy, reaching smaller
radii at larger stellar ages. On the other hand, with ther-
mally inefficient accretion the stellar radius remains as
small as R∗ ! 1 R! during mass accretion. As a re-
sult, stellar ages are overestimated using the isochrones
for non-accreting protostars in such cases. However, we
stress that this this effect has nothing to do with vari-
able accretion histories. Varying the accretion histo-
ries has a very limited effect on protostellar evolution,
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Fig. 3.— Snapshots of stellar positions in the HRD for varying accretion histories with the same initial and boundary conditions. The
four panels show the snapshots at times 0.3 Myr (upper left), 1 Myr (upper right), 3 Myr (lower left), and 10 Myr (lower right) after the
start of mass accretion. The evolutionary tracks until that time are also plotted in the panels. (Note that the luminosity plotted here
is only the stellar luminosity; accretion luminosity is not included.) The different colors represent different accretion histories: constant
accretion at 10−5 M" yr−1 (red, case mC5-C), episodic accretion (magenta, case mE-C), and decreasing accretion (blue, cases mO-C,
mOx2-C, mOx0.5-C). The input parameters in each case are summarized in Table 1. In each panel, the symbols mark the positions of
stars whose masses are 0.9 M" (asterisks), 0.45 M" (pluses), and 0.23 M" (crosses). The thick dot-solid line indicates the positions of
ZAMS stars (Siess et al. 2000). The dashed lines represent the isochrones of 1 Myr and 10 Myr for non-accreting protostars (Baraffe et al.
1998). Observational data is taken from Gatti et al. (2006, open squares), Gatti et al. (2008, filled squares), Muzerolle et al. (2005, open
triangles), and Peterson et al. (2008, filled triangles).

ation in the stars’ radii shown in Figure 2, the stellar
positions only show a small spread. This means that
the concept of the birthline is valid even with variable
accretion histories in the limiting case of cold mass ac-
cretion, provided the initial state is the same from star
to star. At t > 0.3 Myr, the stars gradually approach
the ZAMS line, descending in the HRD (Henyey et al.
1955; Hayashi 1961; Hayashi & Nakano 1963). The snap-
shot at t = 1 Myr clearly shows that the stars are below
the 1 Myr isochrone for non-accreting protostars. This
offset is larger for the higher-mass stars. In particular,
the 0.9 M! stars are close to the isochrone of 10 Myr.
The offset decreases with time, but still remains even at
t = 10 Myr for 0.9 M! stars.

This divergence between the accreting evolutionary
histories and the non-accreting isochrones is easy to un-
derstand. The isochrones for non-accreting protostars
are derived assuming a large initial radius of R∗,0 ∼

10 R!. The model PMS stars then contract from this ini-
tial state by radiating away their energy, reaching smaller
radii at larger stellar ages. On the other hand, with ther-
mally inefficient accretion the stellar radius remains as
small as R∗ ! 1 R! during mass accretion. As a re-
sult, stellar ages are overestimated using the isochrones
for non-accreting protostars in such cases. However, we
stress that this this effect has nothing to do with vari-
able accretion histories. Varying the accretion histo-
ries has a very limited effect on protostellar evolution,
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Fig. 3.— Snapshots of stellar positions in the HRD for varying accretion histories with the same initial and boundary conditions. The
four panels show the snapshots at times 0.3 Myr (upper left), 1 Myr (upper right), 3 Myr (lower left), and 10 Myr (lower right) after the
start of mass accretion. The evolutionary tracks until that time are also plotted in the panels. (Note that the luminosity plotted here
is only the stellar luminosity; accretion luminosity is not included.) The different colors represent different accretion histories: constant
accretion at 10−5 M" yr−1 (red, case mC5-C), episodic accretion (magenta, case mE-C), and decreasing accretion (blue, cases mO-C,
mOx2-C, mOx0.5-C). The input parameters in each case are summarized in Table 1. In each panel, the symbols mark the positions of
stars whose masses are 0.9 M" (asterisks), 0.45 M" (pluses), and 0.23 M" (crosses). The thick dot-solid line indicates the positions of
ZAMS stars (Siess et al. 2000). The dashed lines represent the isochrones of 1 Myr and 10 Myr for non-accreting protostars (Baraffe et al.
1998). Observational data is taken from Gatti et al. (2006, open squares), Gatti et al. (2008, filled squares), Muzerolle et al. (2005, open
triangles), and Peterson et al. (2008, filled triangles).

ation in the stars’ radii shown in Figure 2, the stellar
positions only show a small spread. This means that
the concept of the birthline is valid even with variable
accretion histories in the limiting case of cold mass ac-
cretion, provided the initial state is the same from star
to star. At t > 0.3 Myr, the stars gradually approach
the ZAMS line, descending in the HRD (Henyey et al.
1955; Hayashi 1961; Hayashi & Nakano 1963). The snap-
shot at t = 1 Myr clearly shows that the stars are below
the 1 Myr isochrone for non-accreting protostars. This
offset is larger for the higher-mass stars. In particular,
the 0.9 M! stars are close to the isochrone of 10 Myr.
The offset decreases with time, but still remains even at
t = 10 Myr for 0.9 M! stars.

This divergence between the accreting evolutionary
histories and the non-accreting isochrones is easy to un-
derstand. The isochrones for non-accreting protostars
are derived assuming a large initial radius of R∗,0 ∼

10 R!. The model PMS stars then contract from this ini-
tial state by radiating away their energy, reaching smaller
radii at larger stellar ages. On the other hand, with ther-
mally inefficient accretion the stellar radius remains as
small as R∗ ! 1 R! during mass accretion. As a re-
sult, stellar ages are overestimated using the isochrones
for non-accreting protostars in such cases. However, we
stress that this this effect has nothing to do with vari-
able accretion histories. Varying the accretion histo-
ries has a very limited effect on protostellar evolution,
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Fig. 10.— Same as Fig. 7 but for the cases presented in Fig. 9. The symbols in each panel mark the positions of 0.9 M�, 0.7 M�,
0.5 M�, 0.3 M�, 0.1 M�, and 0.05 M� stars from the left for cases mC5-H (orange filled circles), mC5-HC0.03 (magenta filled circles),
mC5-C-Ri3.7 (green filled circles), and mC5-C (red asterisks).
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Fig. 10.— Same as Fig. 7 but for the cases presented in Fig. 9. The symbols in each panel mark the positions of 0.9 M�, 0.7 M�,
0.5 M�, 0.3 M�, 0.1 M�, and 0.05 M� stars from the left for cases mC5-H (orange filled circles), mC5-HC0.03 (magenta filled circles),
mC5-C-Ri3.7 (green filled circles), and mC5-C (red asterisks).
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Fig. 10.— Same as Fig. 7 but for the cases presented in Fig. 9. The symbols in each panel mark the positions of 0.9 M�, 0.7 M�,
0.5 M�, 0.3 M�, 0.1 M�, and 0.05 M� stars from the left for cases mC5-H (orange filled circles), mC5-HC0.03 (magenta filled circles),
mC5-C-Ri3.7 (green filled circles), and mC5-C (red asterisks).
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Fig. 10.— Same as Fig. 7 but for the cases presented in Fig. 9. The symbols in each panel mark the positions of 0.9 M�, 0.7 M�,
0.5 M�, 0.3 M�, 0.1 M�, and 0.05 M� stars from the left for cases mC5-H (orange filled circles), mC5-HC0.03 (magenta filled circles),
mC5-C-Ri3.7 (green filled circles), and mC5-C (red asterisks).
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(b) 1 Myr
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(c) 3 Myr (d) 10 Myr
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Fig. 7.— Same as Fig. 3 but for the cases presented in Fig. 6 and for the PMS stars of various masses. The symbols in each panel mark
the positions of 0.9 M�, 0.7 M�, 0.5 M�, 0.3 M�, 0.1 M�, and 0.05 M� stars from the left for cases mC5-C (red asterisks), mC5-C-Ri1
(red open circles), mC5-C-Ri0.65 (red filled circles), mC5-C-Ri0.3 (blue asterisks), mC5-C-Ri0.25 (blue open circles), and mC5-C-Ri0.2
(blue filled circles). We omit the evolutionary tracks for clarity here.
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Initial conditions and model assumptions 
influence evolution more than accretion

Accretion history mainly affects higher 
mass stars (>0.9 Msun) otherwise 
differences disappear in ~2 Myr

Stellar age spreads are likely real (unless 
initial conditions know about final mass)

Verdict on Episodic Accretion



Episodic accretion likely accounts for 25% 
of the stellar mass, but ....

Not required to explain distribution of 
protostellar luminosities

It is not useful for explaining stellar age 
spreads

Conclusions


