
JCMT	Transient	Survey:			
How	do	stars	gain	their	mass?	



Team	of	collaborators	
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Core	and	initial	mass	function	

Cartoon	from	Isella	2006	 Cartoon	from	Tobin+2012	



Protostars/filaments	



Spectral	Energy	Distribution	
Measure	Tbol	(~peak	of	SED)	

and	Lbol	(luminosity)	

Enoch+2009	



Luminosity	Problem	
(Kenyon	et	al.	1990;	Dunham	et	al.	2010)	



Episodic	bursts	of	accretion	
(Kenyon	et	al.	1990;	Dunham,	Evans,	et	al.	2009)	

Steady	accretion	 Episodic	accretion	

Time	dependence	needed;	episodic	accretion	is	likely	(but	not	only)	solution	
(e.g.,	Offner	&	McKee;	see	review	by	Hartmann,	Herczeg,	&	Calvet	2016).	



Evidence	for	
episodic	accretion	
�  Outbursts	on	more	

evolved	protostars	
(FUors,	EXors)	

�  Repeated	jet	shocks	

�  Chemical	signatures	of	
past	epochs	of	high	
luminosity	(e.g.,	Kim
+2011;	Jorgensen+2013)	

�  Models	of	disk	
instabilities	
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Figure 2: Left: Two models of accretion rate versus time from the models of Dunham & Vorobyov (2012).
The accretion rate varies with time in each model, but with a different amplitude, cadence, and duration.
Right: Contour plot showing the expected fraction of time that a given theoretical model returns an
amplitude variation greater than a specific amount as a function of the time lag between observations.
Green contours show results for a Vorobyov & Basu (2010) model in which accretion variability is driven by
large-scale modes within the gravitationally-unstable disk. Larger amplitudes correlate with longer times.
Red contours show results for a Bae et al. (2014) model in which accretion variability is driven in the inner
disk (R>0.2 AU) by the MRI powered by constant mass supply from the outer disk. The dashed line
denotes a five year separation in time.

interactions (Lodato & Clarke 2004; Nayakshin & Lodato 2012).

While only some of these theoretical ideas are capable of providing significant mass accretion
variability over the lifetime of embedded protostars, all should produce observable signatures in
accretion luminosity with well determined amplitudes and timescales. Assuming that accretion is
related to disk transport processes on orbital timescales, the variability will depend on the radii
where the physical transport processes originate and will range from days in the inner disk to
hundreds of years in the outer disk. However, the range of accretion events taking place within
deeply embedded protostars is almost entirely unconstrained from both theoretical and observa-
tional perspectives. Given that the theoretical models produce a range of behaviour, each must
be carefully analysed to determine the qualitative and quantitative relationship between amplitude
and timescale. Figure 2 presents this analysis applied to the models of Vorobyov & Basu (2010)
and Bae et al. (2014), with clear difference in the observational signature of accretion variability
on short (less than five year) timescales that result from the different input physics. In the Bae
model, > 30% of sources will vary by 10% (our 3-σ detection limit) over our 3.5 year program,
while in the Dunham & Vorobyov model ∼ 7% of sources would be variable at the 10% level.

Monitoring of the brightness of deeply embedded protostars with careful and precise calibration will
allow for direct measurements of both the range of accretion events and their duration, provided
that the duration is longer than a few days. The power spectrum of accretion variability on young
objects would provide a diagnostic for the size and location of disk instabilities, independent of
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Models	from	Dunham	&	Vorobyov	(2012)	

Jet	shocks	of	HH	111		
(Reipurth	1989;	Hartigan	et	al.	2011)	



	Fuor	and	Exor	outbursts	
(adapted	from	Kospal+2011)	
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Decades-long	FUor	bursts:	
Gravitational	instabilities	in	disk	

Months-long	EXor	bursts	
Magnetic	instabilities	in	inner	disk	



Observed	protostellar	variability	
(Safron,	Fischer,	et	al.	2015)	

density than the 2004 MIPS flux density; therefore, we
conclude the outburst began between 2004 October 12 and
2006 October 20, with a subsequent rise in luminosity up
to 2008.

Figure 2 shows a SCUBA 450 μm image from 1998, a
SABOCA 350 μm image from 2011, and the ratio of SABOCA
to SCUBA. They show the appearance by 2011 of a bright
source at the position of HOPS 383. While the extended
emission has a ratio of ∼2.1 due to the difference in
wavelength, the source has a ratio of ∼4, implying an increase
in brightness of ⩾2.

The SED of HOPS 383 appears in Figure 3. Due to the
paucity of pre-outburst data, we focus on the post-outburst

SED. For data products where time series exist, the variability
within the time series is small compared to the range of the
whole SED, so we choose a representative observation for the
SED; the time series are discussed in Section 3.3.

3.2. Properties of the Post-outburst Source

The bolometric luminosity Lbol of the post-outburst SED is
7.5 ☉L . Dunham et al. (2008) showed that, for protostars, the
correlation between flux density at a given wavelength and
luminosity tightens with increasing wavelength between 3 and
70 μm. Lacking pre-outburst 70 μm data, we estimate that the
change in luminosity was equal to the factor of 35 increase in

Figure 1. Near- and mid-IR images of HOPS 383 before and after its luminosity increase. Top: pre-outburst imaging from SQIID and Spitzer. Bottom: post-outburst
imaging from NEWFIRM, WISE, and Spitzer. The position of HOPS 383 is marked in green.

Figure 2. Submillimeter images. A SCUBA image at 450 μm obtained in 1998 appears on the left, a SABOCA image at 350 μm obtained in 2011 appears in the
center, and the ratio of the post-outburst to the pre-outburst image appears on the right. The position of HOPS 383 is marked in green.
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the 24 μm flux density, giving a pre-outburst luminosity of
0.2 ☉L .

A common diagnostic of evolutionary state is the ratio of
submillimeter luminosity Lsmm to bolometric luminosity. The
Class 0 objects have �L L 0.5%smm bol (André et al. 1993),
and HOPS 383 has a ratio of 1.4%, confirming its deeply
embedded status and making it the only known Class 0
accretion outburst. This ratio is toward the low end of the range
observed for the extreme Class 0 objects known as PACS
Bright Red Sources (Stutz et al. 2013).

Another diagnostic is the bolometric temperature, the
temperature of a blackbody with the same mean frequency as
that of the protostellar SED (Myers & Ladd 1993). The Class 0
protostars have �T 70 Kbol (Chen et al. 1995), and these
correspond roughly to protostars in which the majority of the
mass is in the infalling envelope, not yet in the star (Dunham
et al. 2014). The SED of HOPS 383 has �T 43 Kbol , again
consistent with Class 0.

Additional evidence for a deeply embedded object comes
from fitting a modified blackbody to the SED, where the
method of Stutz et al. (2013) gives a peak wavelength of
106 μm (larger peak wavelengths imply denser envelopes) and
a lower limit to the envelope mass of 0.2 ☉M . Estimating the
mass from the 870 μm APEX flux alone, assuming a
temperature of 18 K (A. M. Stutz et al. in preparation) and
OH 5 opacities from Ossenkopf & Henning (1994), gives a
mass of 0.7 ☉M in the LABOCA beam, which has a half-width
at half maximum corresponding to a radius of 4000 AU. These
mass estimates point to a protostar in the earlier phases of
infall.

To estimate the luminosity, inclination angle, and cavity
opening angle of HOPS 383, we modeled the Spitzer, Herschel,
and APEX photometry of the source with the radiative transfer
code of Whitney et al. (2003). The HOPS team created a grid
of 3040 model SEDs with parameters appropriate for
protostars, first described by Ali et al. (2010), and updated
by E. Furlan et al. (in preparation). We found the best fit by
minimizing R, which measures the logarithmic deviation of the

models from the observations in units of the fractional
uncertainty (Fischer et al. 2012).
The best-fit model (R = 1.7) has a total luminosity of 8.7 ☉L ,

an inclination of 41° from pole-on, and a cavity opening angle
of 25°. Other models that provide satisfying fits to the data
( �R 2.1) have total luminosities ranging from 6 to 14 ☉L ,
inclinations ranging from 41° to 63° from pole-on, and cavity
opening angles from 15° to 35°. (The total luminosity can
differ from the observed luminosity due to the non-isotropic
radiation field.) The scattered-light cone extending to the
northwest and bright features to the southeast in the NEW-
FIRM image of Figure 1 appear to be from radiation escaping
the outflow cavity and imply an intermediate inclination angle,
consistent with the SED.

3.3. Post-outburst Variability

Our best sampling of the variability of HOPS 383 comes
from the Spitzer YSOVAR data at 3.6 and 4.5 μm and the
Herschel/PACS 70 μm data. Figure 4 shows these light curves.
After the 2 mag jump at 4.5 μm between 2004 and 2009 (not
shown), the 2009 season of YSOVAR data yielded remarkably
constant photometry, failing the variability tests laid out in
Rebull et al. (2014). The slopes of the best-fit lines to the light
curves indicate brightenings of only 0.07 mag at 3.6 μm and
0.08 mag at 4.5 μm, and the �[3.6] [4.5] color reddened by
only 0.01 mag.
There were two day-long series of WISE observations at 3.4

and 4.6 μm between the 2009 and 2010 YSOVAR campaigns,
on 2010 March 8–9 and 2010 September 15–16. No significant
variability from the WISE fluxes shown in the SED (Figure 3)
was detected. The second (2010) YSOVAR season showed a
slight fading of the source, with a dimming of 0.20 mag at
3.6 μm and 0.15 mag at 4.5 μm. Again, the color was more
consistent than the magnitudes, with a reddening of 0.05 mag
over the window.
The Herschel/PACS 70 μm data show variability at the 18%

level. The first significant gap in the PACS observations
coincides with the 2010 YSOVAR window; both light curves
suggest a decline over this period. Between the first 70 μm
observation on 2010 September 10 and the second-to-last one
on 2012 March 18, the flux density declined by 13% before
recovering on 2012 August 27 to its brightest yet.

4. DISCUSSION

We have presented multi-epoch infrared data from 2.2 to
870 μm to show an outburst of the Class 0 protostar HOPS 383,
adjacent to the NGC 1977 nebula in Orion, between 2004 and
2006. By 2008, the source became 35 times brighter at 24 μm
than it was in 2004. The post-outburst luminosity, which is
uncertain due to modeling degeneracies, is most likely between
6 and 14 ☉L . Subsequent monitoring of the source at 3.6, 4.5,
and 70 μm finds variability but no evidence for a significant
decline in the source luminosity between 2009 and 2012.
One possible mechanism for the observed rise in the 24 μm

flux density would be the removal from the line of sight of a
large amount of extinguishing material. We are able to rule this
out on two grounds. First, using the opacity law from Ormel
et al. (2011) plotted in Figure 3 of Fischer et al. (2014) and a
gas-to-dust ratio of 100, a factor of 35 increase in the 24 μm
flux density would correspond to a reduction in the column
density of q1.3 1023 cm−2, which would correspond to an

Figure 3. Pre- and post-outburst photometry for HOPS 383, with pre-outburst
data in blue and post-outburst data in red. The best-fit SED from the HOPS grid
of radiative transfer models is shown with a gray curve. The WISE point with
an arrow below it is an upper limit. For data products where time series exist, a
representative flux is shown. Green circles mark the data used in modeling.
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Embedded	source	identified	in	mid-IR	Spitzer;	
Strong	sub-mm	emission	post-outburst	



Radiative	transfer:			
a	burst	through	an	envelope	

(Johnstone	et	al.	2013)	

Luminosity	burst	heats	the	dust;			
flux	increase	at	850	microns	
caused	by	dust	temperature	

Time	delay:		a	few	weeks	(mostly	light	travel	time)	

Ltot=Lacc+Lphot	
Scattered	by	dust	



Program	description	
�  150	total	hours	spread	over	8	

fields	of	30	arcmin	
�  Perseus	(2),	Oph	(1),	Orion	(3),	

Serpens	(2)	
�  Roughly	monthly	monitoring	
�  Previous	GBS	epoch	

�  182	Class	0/I	protostars,	132	
flat-spectrum	srcs,	670	disks	

Figure 3: Contour plot showing the expected
fraction of time that a given theoretical model
returns an amplitude variation greater than a
specific amount as a function of the time lag
between observations. Green contours show
results for a Vorobyov & Basu (2010) model
in which accretion variability is driven by
large-scale modes within the disk and larger
amplitudes correlate with longer times. Red
contours show results for a Bae et al. (2014)
model in which accretion variability is driven
in the inner disk (R > 0.2AU) by both MRI
and gravitational instabilities. The dashed
line denotes a five year separation in time.

Johnstone et al. (2013) computed time-variable SED models of deeply embedded protostars under-
going a stepwise change in accretion luminosity and found that: (a) the envelope heats up extremely
quickly in response to the change in luminosity with the most important time delay being the light
crossing time of the region (typically days); (b) the fastest and largest changes occur close to the
‘e↵ective photosphere’ of the enshrouding envelope, at ⇠ 100AU, where the absorbed accretion lumi-
nosity is reprocessed to far infrared and millimetre photons that are able to escape the outer envelope;
and, (c) the change in observed brightness is approximately linear to the change in accretion lumi-
nosity for photons near the peak of the SED and proportional to the change in ‘e↵ective photosphere’
temperature and surface area for photons in the Rayleigh-Jeans tail at millimetre wavelengths.
Continuous monitoring of the brightness of deeply embedded protostars with careful and precise

calibration will allow for direct measurements of both the range of accretion events and their duration,
provided that the duration is longer than a few days. ALMA, with its high sensitivity, dynamic range,
and snapshot fidelity provides a unique platform for this research. Requiring only quick snapshots
per field per epoch, ALMA enables on-going monitoring which will uncover the relevant timescales
related to the various physical processes responsible for episodic accretion and mass-assembly.

Cycle 3 Serpens Protostar Flux Measurements: Given the large, unexplored parameter space
for variability studies and the possibility that such observations will provide powerful constraints for
theoretical models of how accretion onto protostars precedes, we wish to concentrate on a star-forming
molecular cloud with multiple deeply embedded protostar candidates (both Class O and Class I) and
for which an earlier epoch of observations exists. The proposed 230 GHz continuum observations
have two goals: (1) an immediate determination of any large amplitude emission variation from past
observations; and, (2) precise determination of both the emission from the central regions of the
protostellar envelopes and the derived uncertainties in this measure, for comparison against future
epochs. Our long-term goal is to be sensitive to 10% variations in continuum emission within the
inner ⇠ 100AU region between epochs, requiring S/N > 50 measurements and a clear understanding
of both the instrumental calibration and the systematic calibration uncertainties.
Nine protostar candidates in the Serpens Molecular Cloud were observed by CARMA at 230 Ghz

with 100�1000metre baselines in 2010 (Enoch et al. 2011, her Table 2). Peak fluxes for these sources
range from 5.6�423mJy bm�1 for an approximately 100 beam and the measurement uncertainty ranges
from 1�7mJy bm�1. Although the dynamic range of these CARMA observations is not very high, the
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Levels	of	accretion	variability	for	MRI+GI	
instabilities	(Bae+2014,	green)	and	GI	

(Vorobyov	&	Basu	2010,	red)	



First	results/calibration	
(Mairs,	Lane,	Johnstone,	et	al.)	
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Default	calibrations	

Relative	calibration	
Few	percent	accuracy!	

No	obvious	variability	yet,		
but	still	improving	methods	and	applying	to	fainter	sources	



Future	of	JCMT	
Transient	Survey	

�  Program	is	running	well	on	8	
regions	rich	in	protostars	

�  No	obvious	variability	yet,	but	
still	improving	methods	and	
applying	to	fainter	sources	

�  Complementary	science:	disks,	
filaments,	VeLLOs	
�  2.5	times	deeper	than	SCUBA2	

Gould	Belt	Survey	

�  Chemistry,	physics	modelers	


