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Formation	
  of	
  a	
  (Proto)Star	
  

2	
  

Spectral	
  Energy	
  Distribution	
  Evolution	
  

Powered	
  by	
  
	
  accretion	
  



Evidence	
  for	
  episodic	
  
accretion	
  

•  Under-­‐luminosity	
  of	
  protostars	
  

•  Repeated	
  jet	
  shocks	
  

•  Outbursts	
  on	
  more	
  evolved	
  

protostars	
  (FUors,	
  EXors)	
  

•  Chemical	
  signatures	
  of	
  past	
  

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

•  Numerical	
  Disk	
  Simulations	
  

–  So	
  far,	
  focus	
  on	
  long	
  times…	
  

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



Importance	
  of	
  Disk	
  Accretion	
  

Cartoon	
  of	
  accretion/ejection	
  
•  Shu	
  (77)	
  SIS	
  model	
  considers	
  free-­‐

fall	
  accretion	
  from	
  envelope	
  

•  Accretion	
  luminosity	
  depends	
  on	
  
accretion	
  rate	
  onto	
  stellar	
  surface	
  

•  Between	
  envelope	
  and	
  star	
  we	
  
expect	
  to	
  have	
  a	
  disk!	
  

•  No	
  expectation	
  for	
  steady	
  flow	
  
through	
  the	
  disk	
  and	
  onto	
  star	
  

	
  	
  	
  	
  Variability	
  related	
  to	
  orbital	
  time	
  …	
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Importance	
  of	
  Disk	
  Accretion	
  

Cartoon	
  of	
  accretion/ejection	
   HL	
  Tau	
  disk	
  observed	
  with	
  ALMA	
  (rings)	
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A	
  Range	
  of	
  Possible	
  Timescales	
  
Probing	
  both	
  location	
  and	
  physical	
  processes	
  

Hillenbrand	
  &	
  Findeisen	
  2015	
  



Observed	
  Protostellar	
  Variability	
  
using	
  SCUBA-­‐2	
  as	
  an	
  envelope	
  Calorimeter	
  

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	
  (JCMT	
  archive)	
  

(Safron,	
  Fischer,	
  et	
  al.	
  2015)	
  



	
  Transient	
  Survey	
  Strategy	
  
•  Eight	
  star-­‐forming	
  regions	
  observed	
  as	
  30’	
  diameter	
  fields	
  

•  Each	
  region	
  observed	
  once	
  per	
  month	
  for	
  three	
  years	
  
•  Just	
  over	
  25%	
  complete	
  so	
  far	
  (a	
  little	
  behind	
  expectations)	
  

•  Monitor	
  for	
  	
  signs	
  of	
  variability	
  across	
  epochs	
  
•  Compare	
  also	
  against	
  previous	
  GBS	
  observations	
  (>	
  5	
  yr	
  baseline!)	
  

•  Co-­‐add	
  epochs	
  to	
  produce	
  deepest	
  sub-­‐mm	
  images	
  of	
  each	
  region	
  
•  Reach	
  extragalactic	
  confusion	
  limit!	
  



EAO/JCMT	
  	
  Transient	
  Survey	
  	
  



Calibration	
  Methodology	
  
Run	
  Source-­‐Finder	
  on	
  all	
  epochs	
  of	
  the	
  same	
  field	
  (PhD	
  student-­‐	
  Steve	
  Mairs).	
  

Determine	
  which	
  sources	
  are	
  in	
  common	
  between	
  observations.	
  

Compare	
  clump	
  centroids	
  and	
  relative	
  brightness	
  between	
  observations.	
  	
  
	
  

10	
  

Six	
  epochs	
  of	
  IC348	
  observed	
  over	
  half	
  a	
  year.	
  	
  
Left:	
  Before	
  residual	
  offset	
  calibration;	
  	
  Right:	
  after	
  applying	
  offset.	
  



Alignment	
  Improvement	
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Flux	
  Calibration	
  Improvement	
  
(with	
  respect	
  to	
  default	
  FCF)	
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Note:	
  ~10%	
  
spread	
  versus	
  
default	
  FCF	
  	
  



Flux	
  Calibration	
  Uncertainty	
  
(residual	
  source	
  flux	
  standard	
  deviation)	
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Note:	
  	
  2-­‐3%	
  
typical	
  residual	
  	
  
flux	
  calibration	
  
uncertainty	
  



Example	
  Proto-­‐stellar	
  Source	
  
12	
  epochs	
  (8	
  Transient,	
  4	
  GBS)	
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First	
  	
  Variable	
  Candidate!	
  

15	
  

Serpens	
  Main:	
  clumpfind	
  analysis	
  by	
  	
  (PhD	
  student	
  -­‐	
  Hyunju	
  Yoo,	
  Korea)	
  
	
  
One	
  Class	
  I	
  source	
  has	
  been	
  discovered	
  	
  that	
  varies	
  by	
  >	
  5	
  sigma.	
  	
  



First	
  Year	
  Situation	
  
•  We	
  have	
  an	
  automated	
  calibration	
  pipeline	
  in	
  place	
  (2	
  independent	
  teams)	
  

–  <	
  1”	
  alignment	
  uncertainty	
  

–  ~	
  3%	
  relative	
  flux	
  calibration	
  uncertainty	
  

•  We	
  have	
  8	
  separate	
  region	
  teams	
  looking	
  closely	
  at	
  the	
  individual	
  epochs	
  

–  These	
  teams	
  are	
  still	
  refining,	
  independently,	
  various	
  procedures	
  for	
  analysis	
  

–  One	
  variable	
  source	
  has	
  been	
  identified,	
  coincident	
  with	
  near	
  IR	
  periodic	
  variable	
  

•  We	
  have	
  three	
  papers	
  in	
  advanced	
  draft	
  plus	
  two	
  more	
  in	
  preparation	
  

–  Herczeg	
  et	
  al.	
  (Survey	
  Overview),	
  Mairs	
  et	
  al.	
  (Calibration	
  Pipeline),	
  

	
  Mairs	
  et	
  al.	
  (GBS	
  vs.	
  Transient),	
  Yoo	
  et	
  al.	
  (Variable	
  Source	
  in	
  Serpens),	
  	
  

Johnstone	
  et	
  al.	
  	
  (First	
  Results	
  from	
  Transient	
  Survey)	
  

•  We	
  are	
  ramping	
  up	
  	
  ancillary	
  analyses	
  now	
  that	
  we	
  are	
  deeper	
  than	
  the	
  GBS!	
  	
  

–  Studying	
  disks,	
  filaments,	
  outflows,	
  etc.	
  

–  Following	
  up	
  interesting	
  sources	
  with	
  other	
  telescopes	
  (SMA/ALMA	
  etc)	
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