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Herbig-Haro Jet HH 24

Hiiubble,

NASA and ESA ¢ Hubble Space Telescope « WFC3/IR ¢ WFPC2 ¢ STScl-PRC15-42a

Protostars reveal the origins of
solar systems

 Adense, infalling circumstellar envelope
is still present

A protoplanetary disk is in the earliest




How do stars get their masses? Stochastic:

Secular or stochastic processes? A sudden luminosity outburst
due to rapid disk accretion

Secular:
Gradual envelope
infall onto a disk, then | ---10

BLight Scattered
by Envelope

Disk Midplane

1000 AU



Determining how stars get their masses requires mid- and far-IR
photometry for accurate protostellar properties

* |luminosities
e evolutionary states (redder = younger)
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EVOLUTION | The Orion BLT Diagram
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Evolutionary diagrams are consistent with secular processes
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Converting T, to envelope mass with
models, we showed that the main
features of this diagram can be
explained with

* Aninitial range of envelope masses



But outbursts clearly influence evolutionary diagrams
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Outbursts are likely due to disk instabilities

instabilities in the disk, mediated by envelope infall

* Clumps at large radii may appear as structure in images

scales in AU
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e Can arise due to the interplay between gravitational and magneto-rotational

~
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Simulation by Vorobyov & Elbakyan (2018)

ALMA image of MWC 758
(Dong et al. 2018)




Quantifying the Role of
Outbursts .

* How much of a star’s ultimate main-sequence
mass is accumulated in bursts?

szMDXNbth




Four Orion Outbursts in Spitzer and WISE

HOPS 12 HOPS 124

Finding outbursts requires wide surveys

e Spitzer cryo mission (3.6, 4.5, 24 um) %Q‘,\O
 WISE (3.4, 4.6, 22 um)

 Spitzer warm mission (3.6, 4.5 um)
e NEOWISE (3.4, 4.6 um) ¥
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HOPS 383 HOPS 223 From Spitzer cryo / warm

comparison
(Orion: The Final Epoch,

W. Zakri PhD thesis, in prep)

From Spitzer /
WISE comparison
(Safron et al. 2015;
Fischer et al. 2019)
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Four Orion Outbursts in Spitzer and WISE

HOPS 12 HOPS 124 HOPS 383 HOPS 223
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SEDs from the IRSA HOPS Archive
https://irsa.ipac.caltech.edu/data/Herschel/HOPS/overview.html

* Three of the outbursts are Class O protostars (deeply embedded, young)

 They may be analogous to the more evolved FU Ori or EX Lup outbursts,
but this is not yet clear

* SOFIA is essential to track their decay times




How many bursts does a protostar experience?

Burst Interval Probability

We found 4 in 319 protostars in 13 years

(@)
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4 Bursts in 13 Years in 319 Protostars

Suggests that every protostar should burst in , |
13yr/4 X 319 ~ 1040 yr with 90% '

o
L

confidence between 650 and 5000 yr 2 :
Protostellar burst interval is < than ~ 104 yr |l

found for pre-main-sequence stars with disks 107" 90% confidence '

(Scholz et al. 2013; Contreras Pefia et al. 1078 | |

2019; Zakri et al. in prep.) terval between Bursts (yr;oooo

1000 yr between bursts means N, ~ 500 ~ 25% of a star’s main sequence
bursts per protostar over the 500,000 yr mass may be accumulated in bursts

protostellar phase




Estimating the outburst time scale

24 um Light Curves
HOPS 223

Spitzer
WISE
SOFIA
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Bursts may have long decay times

« Decay times vary (~ 1 to > 80 yr), Light curves of famous bursts

but we do not require fine time
sampling

* Monitoring each burst a few times

per year is sufficient
V1057 Cyg

* SOFIA could facilitate time-domain 1647 Orf

proposals to observe a given bright
target multiple times per cycle ‘ -
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 E.g., in recent cycles there have Jrram r i
: S % jRPpa .
been 2 HAWC+ flight series out of fy 2000" T ¥ b m EX Lup

Palmdale separated by ~ 6 months, Time (days)
enabling multiple yearly visits Adapted from Késpal et al. (2011)




The HOPS 383 outburst has ended!

 We have begun using HAWC+ for
far-IR monitoring to track the
luminosity of outbursts

* In Sept 2019, HAWC+ revealed a _
dramatically fainter HOPS 383 ~s.98f .
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Sept 10, 2010 Sept 10, 2019
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* Total mass accumulated in burst:
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Before (top) and After (bottom) with Spitzer 4.5 um

T Future Monitoring

HOPS 12 HOPS 124 HOPS 157 HOPS 223 HOPS 324 HOPS 383 approved for imaging of

| | six Orion outbursts
e FORCAST: 25.3 + 37.1 um
e HAWC+: 89 + 154 um

2017 e Allthisinonly ~ 2 hrs

* These bands surround the
SED peaks and correspond

2 TS i 5 roughly to wavelengths
Herschel SEDs T 100 | bl . h :
(SOFIA bands: B available with previous

dotted lines) instruments
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Wavelength (um)




: PACS 70 um HAWC+ 89 um
COnC|USIOnS Sept 10, 2010 Sept 10, 2019
« An important fraction of a star’s main ol O [ W]

sequence mass may be assembled by
enhanced accretion during luminosity
outbursts
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e SOFIA tracks luminosity over time for
deeply embedded outbursts
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