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Spitzer studies identified 1000s of YSOs in the nearest kpc 
and beyond, but generally in targeted regions

Evans et al. (2009)

Meixner et al. (2006)



WISE can identify protostars outside of 
regions surveyed by Spitzer • Canis Major was not targeted by 

Spitzer (parts near the Galactic plane 
were covered by GLIMPSE360)

• Fischer et al. (2016) used WISE to 
discover 144 protostellar candidates

• Sewiło et al. (2019) also cataloged 
protostars in the GLIMPSE360 region

A particularly rich region



Standard WISE color criteria for YSOs do not distinguish 
among protostellar classes (0, I, flat-spectrum)

WISE YSO Color Spaces (Koenig & Leisawitz 2014)

• Class I, Class II loci were calibrated 
with YSOs in Taurus

• For WISE characterization of 
protostars, we want to determine 
where flat-spectrum and Class 0 
protostars lie



Calibrating the WISE protostellar classification

• HOPS flat-spectrum: WISE Class I space, below dashed line
• HOPS Class I: WISE Class I space, above dashed line
• HOPS Class 0: widely scattered

• The Herschel Orion Protostar
Survey (HOPS) team classified 
the 1–870 µm SEDs of 330 
YSOs (Furlan et al. 2016)

• With WISE colors of known 
HOPS protostars, we can 
calibrate the WISE 
protostellar classification

Circles fall below 
a magnitude cut



Class 0 protostars can be better identified from their 
W3 – W4 colors (12 and 22 µm)

• Orion YSOs below the dashed 
line are almost all Class 0

• 14 Canis Major sources satisfy 
the cut, but they need to be 
vetted to exclude 7 sources 
contaminated in W4

• May not be a complete list of 
Class 0 YSOs in a given region, 
but identifies good targets for 
follow-up

CMa
+ Vetted Class 0
× Contaminated

Orion
o Class 0
o Class I
o Flat SED
o Class II



WISE images of Class 0 candidates in Canis Major



+ WISE
× IRAS
+ Herschel

WISE + Far-IR SEDs of Class 0 candidates in Canis Major
Indicative of dense, young protostellar envelopes

Herschel data: 
Ragan+ (2012), 
Elia+ (2013) 



• We need IR spectroscopy to characterize 
photospheres and measure accretion 
rates in the youngest protostars (e.g., 
with H I lines)

• We set out to do this with IRTF spectra 
of the HOPS sample; this probes bright, 
more evolved protostars

Identification → Physics: What are the accretion rates 
of protostars?

HOPS 45 HOPS 70

HOPS 221HOPS 166HOPS 134HOPS 98



Accretion luminosities of late Class I objects are similar to 
those of Class II objects

• Accretion is already > 90% complete 
when the star becomes accessible to 
current optical / near-IR instruments

• Need to look at younger sources: 
Early Class I, Class 0

• Is there an early stage of sustained, 
intense accretion?



Accretion indicators for early Class I: 
NIRSpec range

Salyk et al. (2013): 
Pfund β @ 4.65 µm
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Komarova et al. (in prep.): 
Brackett α @ 4.05 µm



Accretion indicators for early Class I: 
MIRI range

Rigliaco et al. (2015): Humphreys α @ 12.3 µm
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Other potentially 
useful transitions:
• 10-6 (5 µm)
• 9-7 (11 µm)
• 8-7 (19 µm)
• 11-9 (22 µm)



MIRI spectroscopy of protostellar populations
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◇ Observed from ground (1 – 5 µm)

• Plot shows estimated 
H I (7–6) fluxes for 330 
YSOs in Orion (420 pc)

• 12.3 µm continuum 
fluxes estimated from 
low-res IRS spectra 
(Furlan et al. 2016)

• Line/continuum ratios 
assumed equal to 
median of sources in 
Rigliaco et al. (2015)

• With MIRI we can 
probe the deeply 
embedded population



• Case B (Baker & 
Menzel 1938) is 
often used

• Observed 
decrements 
require an 
unrealistic range 
of temperatures 
and densities

• Models of Kwan & 
Fischer (2011) 
describe the 
observations over 
a reasonable range 
of conditions

• Larger densities: 
flatter decrements

Tools for analysis of H I lines: Paschen decrements 
constrain densities and temperatures of accretion flows

Data from Edwards et al. (2013)



Tools for analysis of H I lines: Ratios of multiple mid-IR lines 
also constrain densities and temperatures of accretion flows

Dependence of the 8–7 / 9–7 ratio
(19.1 µm, 11.3 µm) on density, temperature

For a range of conditions, 8–7 / 10–6 vs. 
9–7 / 11–9 is an effective tracer

Predictions of KF11 models



Kwan & Fischer (2011) models are available online

http://www.stsci.edu/~wfischer/line_models.html

• Results are expressed as 
ratios of various lines to Pa β 
for a range of densities & 
temperatures 

• Lower levels from 2 to 7

• Upper levels up to 20

• 45 citations so far



Conclusions

• In regions that lack Spitzer and/or Herschel coverage, WISE colors 
can identify deeply embedded protostars for JWST studies

• JWST spectroscopy will detect accretion lines (such as H I) in 
younger protostars than previously possible (early Class I, Class 0)

• Kwan & Fischer (2011) models will be useful for inferring physical 
conditions from such lines

– http://www.stsci.edu/~wfischer/line_models.html

• Accretion luminosities (and rates) derived from these lines will 
address key questions

– How rapidly is the majority of the stellar mass assembled?

– Does this assembly happen in a sustained phase of intense accretion, or 
mostly via relatively short bursts?



ULLYSES:
UV Legacy Library of Young Stars as Essential Standards

• 1000 orbits of HST Director’s Discretionary Time in Cycles 27–29 for 
UV spectroscopy of stars

• About 500 of these orbits for T Tauri stars (and 500 for massive stars)
– 40 T Tauri stars with single visits
– 4 T Tauri stars with time coverage (multiple visits per rotation period over several periods)

• T Tauri star observations likely to begin in Fall 2020
• Program design and target selection are in progress

– A community call is out for input on targets (email went out on July 29; deadline is Sept 6)


