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SEDs and Young Stellar Objects (20" Century)

Spectral Energy Distributions

Evolutionary Stages
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Observational classes / evolutionary stages
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% SED slope (@ method):
original criteria for Classes
(Lada 1987; Greene et al., 1994)

% Lsvm/LeoL: added later to
identify Class 0 (Andre et al,,
1993, also Maury et al.,2011)

% Bolometric temperature
(Myers & Ladd, 1993): the
temperature of a black body
with the same flux weighted
mean frequency as the observed

SED (see also Greene et al,,
1994).

Slide from N. Evans

All SEDs from Dunham et al. (2013), PPVI review chapter
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Questions about central protostars (Class 0/1)

¢ What are the T, L+, and log g of these objects?

@ Do their absorption features form in disks or stars?

¢ What fractions of protostar luminosities powered by mass
accretion and by contraction of stellar photospheres?

¢ At what rate do protostars accumulate mass? Continuous or episodic
accretion?

¢ How can observations of their spectra inform models of masses,
ages, lifetimes, internal structure, and circumstellar environments?

# What are the properties (masses, spatial extents) of their
circumstellar disks?

¢ What are the angular momenta of these objects?
¢ Evidence of regulation by a circumstellar disk?

¢ How much AM evolution between freefall, Class O, |, and T Tauri stages?
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Class | Protostar near-IR Spectra
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Protostar Surface Gravities

*Strengths and ratios of K-
band atomic lines & CO tell:
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What is nature of H, emission in protostars?

#® Near-IR H, line ratios very sensitive to excitation source:
= S(1)1-0/S(1) 2-1 = 1.9 UV; 7.7 shock; 17 X-ray
= S(1)1-0/S(1) 3-2 = 3.5 UV; 130 X-ray
= S(1)1-0 is 2.1218 um, S(1) 2-1is 2.2477 um, S(1) 3-2 is 2.3864 um
#® Weintraub et al. (2000) found H, emission from TW Hya to be
excited by X-rays
# Protostars are strong X-ray emitters and drive jets that shock gas

# Protostars are also predicted to have considerable UV emission
from accretion shocks (but can't escape due to extinction)

#® H, emission may be the best way to diagnose the innermost
radiation environments of protostars!

26 August 2019



Class | 2 um H2 emission and winds

Single and Mean Observations
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Near-IR H2 emission in

Class | protostars is
consistent with shock

excitation in protostellar
winds or x-ray interactions

Ambiguous determination
may be due to multiple
excitation mechanisms



Class 0O protostars: Yet to accrete majority of mass

« Age ~ 10,000 — 100,000 yr
« Strong outflow

« Massive or tiny disks?
 Massive Envelopes

« T~30K

« No visible / little IR light

« Unknown central stars:
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Observe Class 0 protostellar photospheres?

« Spitzer data show Class 0 are brighter than expected at A <5 um

« K-band spectra are best compromise for diagnosing photospheres

 Not severely impacted by extinction (A, ~ 0.1 A))

« Adequately strong lines diagnostic of Teff and log g (Doppmann+ 2005)
* Object selection is very tricky:
« Spitzer + Herschel SEDs have Class 0 shape / T,,,; < 70 K

« mm emission confirms extended envelope (resolved interferometric images
best)

« Need K <~17 mag nearly point sources for ~10-m telescopes

« Near-IR source needs to be same as far-IR one

 Lose >1/2 of Class 0s to above criteria. Remaining ones can still have
veiled, featureless spectra
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L1527 Class O: Visible and Infrared Images
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Class 0O selection for near-IR observations
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Class 0O selection for near-IR observations
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Class 0O selection for near-IR observations
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JWST Guaranteed Time Program

« Scheduled to observe 5 Class 0 protostars (2 Serpens, 3 Perseus )
with in a ~17 hr guaranteed time program (program 1186):

* NIRSpec IFU with G235M 1.7 — 3 um + G395M 2.9 -5 um, R ~

1000 (may switch to R ~ 2700 for some)

« Combine with longer wavelengths to probe ices

« SNR ~150

« ~0.27 spatial resolution over 3" x 3" |[FU:
 Measure near-IR object size, resolve H2 emission

Table 1: Preliminary Class 0 Protostar List

Source Name nIR RA and Decl. (J2000) dist(pc)* Tho Meny® K(mag)® Fagum® Comment®
[L1448-C 03 25 38.84 +30 44 07.0 230 49-69 1-2 ~16 3.0 1.6”, faint
Per-emb 25 03 26 37.46 +30 15 28.1 230 61 0.5 15.0 3.6 15", OK
Per-emb 21 03 29 10.80 +31 18 22.2 230 45 2.5 17.0 1.8 1.0”, faint
Per-emb 28 03 43 51.02 +32 03 07.9 230 45-70 0.6 ~15 6.8 14", OK
Per-emb 8 03 44 43.95 +32 01 36.7 230 43 0.6 15.1 2.7 2.0", OK
IRAS 04166 04 19 42.62 +27 13 38.9 140 ~60 0.2 ~16.5 ~5 2.5", faint
L1527 IRS 04 30 54.75 +26 03 07.8 140 36-67 20 18+ 6.9 ~ 10, faint
Ser S68N 18 29 48.12 +01 16 44.6 436 o7 94 ~16.5 2.0 08" OK A+E
Ser SMM 1 18 29 49.60 +01 15 21.9 436  ~ 58 20 < 17 0.9 too faint
Ser SMM 3 18 29 59.31 +01 14 01.9 436 59 5.7 154 2.7 14".0K, a=1
26 August 2019 JWST Class 0 Protostars
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Initial reconnaissance with Keck NIRSpec

26 August 2019 JWST Class 0 Protostars
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S68N: A little bit of near-IR light does get out...
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» Keck NIRSPEC low-res spectrum of Serpens S68N Class 0
protostar, S/N ~ 30 — 40 (Greene+ 2018)

* More Keck vetting of other Class 0 protostars is underway
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S68N Spectral model

Model observed spectrum
as sum of Phoenix model
photosphere + circumstellar
continuum veiling +
extinction / reddening:
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S68N Parameter Estimation

Derived Model Parameters and Priors

il

Parameter S68N* Prior Units
Tost 326157 2700-3600 K
5003 log g 2.38703% 2.0-4.0 cm 2
= 04/ 3. 712850
Ty 118917 10001500 K
Ay 5.822031 0-20 mag
o —1.832% —2.0-—1.7
Tes = 1189.20+}1824
i Use Starfish (Czekala,
Al Gully) code for Bayesian
MCMC analysis of model
log0y = ~4.08433 parameters (see
i Greene+ 2018)
Ac= 58243
LS
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S68N photosphere parameters

Derived Model Parameters and Priors

Parameter S68N* Prior Units
star <:Td, 3261557 2700-3600 K
o \IOLg g 2.387035 2.0-40 cm s’
X:szd;sz* 3.72:—;;,3:!
Ty 11897177 1000-1500 K
extinction YA,‘ 5.827041 0-20 mag
o —1.8330 —2.0-—1.7

« Teff is similar to Class | and PMS stars, but log g is ~ 1 dex lower

* Implies M3 — 3.5 Spectral Type, but radius ~3x larger than Class
| or PMS star

» Consistent with 0.2 M star with R = 4.7 R, : Inflated radius
could be due to strong recent accretion (Baraffe+ 2017)

* Note that we do not know the mass — would need velocity info
from gas in a disk
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Continuum veiling and extinction

 Continuum MCMC model fit gives Av ~ 10 Ak = 58 mag to
photosphere

» Consistent with the object’s K-band flux

e 2.4237um 1-0 Q(3) and 2.1218um 1-0 S(1) H, emission lines
have same upper level; their ratio implies Av~10 Ak = 48 mag

« Consistent with H, emission arising close to star

» Results uncertain/underestimated due to a 2.42412 um telluric line
(Connelley & Greene 2010)

* H, line ratios consistent with excitation by shocks or x-rays
but not UV

 Modest continuum veiling r, ~ 0.1 implies no more
circumstellar disk emission that Class | protostars with r, ~ 1

* Could have same disk emission but r, = F/F- may be lower due to 3x larger
radius

* No indication of more warm circumstellar material than Class |
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Related JWST GTO Programs

P i

1290 E Van MIRI EC Class 0 & 1 MIRI MRS IFU spectra
Dishoeck Protostars protostars of circumstellar gas &
(Leiden) Survey ices
1236 M. Ressler  Protostellar Binary MIRI MRS IFU spectra 16 h
(JPL) Binaries in protostars in  of circumstellar gas &
Perseus Perseus ices
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