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Abstract: 
Stars, the fundamental building blocks of the Universe, dominate both the chemical 
evolution and radiative output of galaxies, and the protoplanetary disks that orbit young 
stars contain key information about where water and organics are located in disks and 
how they are delivered to potential life-bearing planets. Many aspects of stellar and 
planetary formation can best—if not only—be studied by using the Stratospheric 
Observatory for Infrared Astronomy (SOFIA), which flies a 2.7-m telescope above 
99.9% of the Earth’s atmospheric water vapor. The program’s evolving platform 
providing community access, complementary to the sensitive imaging and low-
resolution spectroscopic capabilities of JWST, to spectroscopic and polarimetric 
observations in the mid- to far-infrared will continue to advance these fields in the 
coming decade by answering the following questions: What local and global feedback 
effects influence accretion? What is the total gas mass in disks and how does disk mass 
evolve during planetary formation? What is the distribution and the kinematics of 
oxygen, water ice, and water in different phases of planet formation? What role do 
magnetic fields and turbulence play in star formation? 
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What role do magnetic fields and turbulence play in star formation?  
The mechanism that controls the rate at which clouds collapse into stars remains 
unknown. Thermal pressure and bulk motions predicted by current theoretical models 
are insufficient to support molecular clouds against collapse, leaving an ongoing debate 
between the relative importance of magnetic fields and turbulence. This controversy can 
be addressed with measurements of the strength and topology of the magnetic fields 
[Zinnecker & Yorke 2007]. 
Radiative torques cause interstellar dust grains to spin, and their spin axes precess 
around magnetic field lines with the short axis of spinning grains preferentially aligned 
with the magnetic field, consequently polarizing their FIR radiation [Andersson et al. 
2015, Hoang & Lazarian 2016]. Observations of the polarized thermal emission of the 
dust grains therefore reveal the magnetic field direction. Thermal dust emission typically 
peaks at ~100 µm, making polarization at FIR or submm wavelengths the most efficient 

Figure 1. ESO image of Orion, with streamlines showing the magnetic field 
directions from SOFIA (Chuss et al 2019). 
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probe of magnetic fields.  
Magnetic fields can be studied using optical starlight polarization, radio polarization, 
radio Faraday rotation [Kronberg 1994, Beck 2015], and mm/submm polarization from 
dust [Schleuning 1997], but the inherent faintness of their polarized signal makes them 
notoriously difficult to observe. With the development of its polarimeter, the High-
resolution Airborne Wideband Camera-plus (HAWC+), SOFIA can be used to measure 
the magnetic field structure at wavelengths at or near the peak of the thermal dust 
emission (~100 µm) on the critical sub-pc size-scale, the size of cluster-forming clumps 
and the filamentary cold, dense infrared dark clouds where high-mass stars form 
[Rathborne et al. 2008]. 
The study of magnetic fields in dense filaments at pc scales is in its infancy, with only a 
handful of robust measurements [Pillai et al. 2015]. Observational constraints of the 
actual field geometries toward a larger sample of ~10 or more filaments are sorely 
needed. The angular resolution of FIR polarization maps produced by SOFIA is 100 
times better than Planck, allowing to map regions at the sub-pc size scales or star-
forming clouds that are too large for ALMA to observe. SOFIA’s sensitive FIR 
measurements of polarized thermal dust emission, probing different temperature 
regimes with its different wavelength bands, will provide fundamental 3D data on the 
topology of magnetic fields in the coming decade. 

What local and global feedback effects influence accretion? 
Once high-mass stars (>10 Mʘ) form in their embedded clusters, they produce large 
amounts of radiative and mechanical energy that is injected into the surrounding 
parental material. This feedback has a profound effect on the surrounding interstellar 
medium, mechanically inducing bulk motions and turbulence, and radiatively exposing 
the nearby cold molecular gas to intense ultraviolet radiation fields, where energetic 
photons heat the gas, break molecular bonds, and ionize atoms. The gas is completely 
ionized in the hot HII region closest to the star, but at the HII region/molecular cloud 
interface, a PDR forms and most molecules are broken apart into their constituent 
atoms. Observations of the [CII] and [OI] lines provide direct measurements of regions 
with the strongest star-gas interactions and are critical for studying stellar feedback. 
Figure 2 shows how a massive star forming region is radically different in [CII] than CO. 
The large-scale, cool bubbles that trace stellar feedback are uniquely observable with 
SOFIA, while we anticipate JWST images of outflows to elucidate the effects of 
feedback low-mass stars. 
The UV radiation produced by high-mass stars ionizes the surrounding gas and erodes 
the cold molecular material from which they were born. This erosion can be seen by 
imaging the interface between the hot ionized gas and the cooler atomic and molecular 
gas, as in the SOFIA FIR images of [OIII], [NIII], and [OI] in the Omega Nebula (M17)—
a particularly bright nebula illuminated by a cluster of high-mass stars [R. Klein et al., in 
prep.]. Although theory suggests that this radiation injects far more momentum into the 
surrounding medium than stellar winds, SOFIA observations indicate that stellar winds 
may in fact dominate. A [CII] map of Orion [Pabst et al. 2018] revealed a large (2 pc) 
2,600 Mʘ bubble. rapidly expanding at a rate of 13 km/s, driven not by radiative 
momentum deposition via photoionization or photoevaporation, but by the stellar winds 
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produced by the high-mass (33 
Mʘ) star q1 Ori C. 
Cosmological simulations show 
that stellar feedback controls 
galaxy evolution by driving 
galactic super-winds that enrich 
the intergalactic medium, control 
the galaxy mass function, mass-
metallicity relation, and other 
global galaxy characteristics 
(Hopkins et al 2012). 
Observational understanding of 
stellar feedback on the micro-
scale, a key ingredient in these 
models, is very limited. 
More mapping studies are needed 
to investigate feedback from star 

formation towards dozens of star-forming regions in the coming years. The high spectral 
resolution and wide field mapping capabilities of SOFIA enable measurements of 
distinct line ratios, velocity fields, and turbulent linewidths to study the physical 
conditions, bulk motions, and turbulence of these regions. SOFIA will conduct a 100-
hour program to map [CII] toward five additional high-mass star-forming regions to 
investigate feedback from scales of single massive stars, to small stellar groups, to 
large star clusters. These large-scale views provide the context for studies of star 
formation that will be made with JWST and ALMA in the coming decade. 

How does disk mass evolve during planetary formation?  
Disk mass is the fundamental quantity that determines whether planets can form. 
Theoretical simulations of star formation predict much higher disk masses during the 
accretion phase onto the protostar, but we do not know the efficiency of converting disk 
mass into final planetary mass. Determining disk mass during the entire process is 
critical to understanding the formation of planetary systems. To explore chemical 
connections between disks and the exploding field of exoplanetary characterization 
[Öberg, Murray-Clay & Bergin 2011], we need to know chemical abundances, which in 
turn requires knowledge of the total gas content of the disk. The total disk mass will be 
required in all planet formation studies with JWST and ALMA. 

Figure 2. Images of Orion in [CII] 
from SOFIA (blue) and CO from 
CARMA (orange) showing totally 
different spatial distributions. The 
[CII] image comprises two 
expanding bubbles that quantify the 
effect of stellar wind feedback on the 
molecular cloud (Pabst et al. 2019, 
Kong et al. 2018). 
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Measurements of disk gas masses are difficult and require the use of proxies because 
the dominant constituent, molecular hydrogen (homonuclear; no dipole moment), does 
not emit detectable spectral lines at temperatures <20 K, where most of the disk mass 

 

Figure 3. Hypothetical profile of a planet-forming disk, on a logarithmic spatial 
scale, adapted from Dullemod & Monnier (2010). 

resides. Optically thin thermal dust continuum emission at FIR/submm wavelengths has 
been used to establish a lower limit to the disk mass [Testi et al. 2014, Kruijer et al. 
2014]. ALMA surveys using CO recently found that the CO-measured mass is a factor 
of 10-100 times lower than the dust-measured mass [Ansdel et al. 2016, Miotello et al. 
2017, Long et al. 2017]. 
A third proxy, HD, has a permanent dipole moment and can thus be detected via 
rotational transitions despite its relatively small abundance (D/H ~ 2x10-5). Although 
Herschel detected HD toward TW Hya, the closest planet-forming system [Bergin et al. 
2013], and two additional disks with low signal-to-noise [McClure et al. 2016], these 
detections were spectrally unresolved by a factor of ~20. The high spectral resolution of 
the 3rd generation spectrometer in SOFIA (HIRMES) will have sensitivity comparable to 
Herschel but resolving power of order 105, will detect HD in the FIR toward nearby 
disks. Initial observations with HIRMES will target dozens of disks to constrain the gas 
surface density profile and possibly identify additional hidden contributors to the HD 
emission, such as winds.  

Where are oxygen, water ice, and water vapor in different phases of 
planet formation? 
The past decade has seen considerable advancement in our understanding of nascent 
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planetary systems, protoplanetary disks, advancing this field of research from 
theoretical constructs to a detailed observational science. The water content and 
distribution within disks plays a crucial role in the formation of giant planets and in the 
development of life. ISO and Spitzer MIR observations established that water is 
abundant in the inner regions of protoplanetary disks around young solar type stars in 
their first few million years of evolution, and at least 50% of disks around classical T 
Tauri stars show emission from 500-1000 K water vapor located at ~1 AU from the 
central stars. Recent discoveries of water in very different environments have made 
apparent the need for new observations of protoplanetary disks to provide important 
insight into how water is created and eventually delivered to solid bodies [Salyk et al. 
2008; Carr & Najita, 2008].  
The water “snowline,” the transition between water vapor and water ice, is the critical 
chemical location in planet-forming disks that regulates the formation of giant planets 
[van Dishoeck 2006; Pontoppidan et al. 2010; Henning & Semenov 2013]. NIR to MIR 
water lines can be used to best trace hot (~500 K) water vapor well inside the snowline, 
and FIR water lines trace cooler gas (50-200 K) at larger radii that are closer to the 
snowline. By spectrally resolving the lines, SOFIA can determine the spatial distribution 
of water vapor in dozens of disks within the planet-forming zone. Observations of the 
major carriers of oxygen ([OI], water, and OH) and HD can break the degeneracy 
between mass and abundance, and allow estimates of the timescales over which water 
is implanted into icy bodies to seed habitable worlds. Herschel observations of FIR 
water lines from cooler regions (<300 K) largely failed to detect water emission from 
disks [Bergin et al. 2010]. The critical transition region from the “wet” inner disk to the 
“dry” outer disk at a few to 10 AU is finally within our observational reach with SOFIA. 
More observations of protoplanetary disks around young stars are needed to determine 
initial conditions to test and refine models of planet formation [Andrews et al. 2015]. 
JWST will only be able to observe relatively hot water vapor in the inner disk. ALMA can 
only the main isotopolog of water in masing transitions and almost always lacks the 
sensitivity to detect rarer isotopologs. To date, only one thermally excited transition of 
water was detected toward just a single disk. SOFIA’s 3rd-generation instrument, 
HIRMES, will be able to measure three key species in disks – H2O (both vapor and ice), 
neutral oxygen (an important tracer of the water story), and HD (a tracer of disk mass)– 
between 1 and 100 AU where planets form. Crystalline water ice has a feature at 43µm 
that has not been observable since ISO, which detected no more than 2 disks. SOFIA 
spectroscopy will measure of the mass of gas, water vapor, and water ice—fundamental 
elements for planet formation and the origin of water in terrestrial planets.  

Stepping Stones 
The observations described in this white paper would primarily utilize capabilities of 
SOFIA. These observations are to be considered as stepping stones and 
complementary to a cooled, space-born facility that will achieve much higher sensitivity, 
such as the mission concepts SPICA and Origins. What is learned from the recent past 
(Herschel) and present (SOFIA) will directly bear upon the types of science that would 
be addressed by innovative instrumentation on those future missions and ground-based 
telescopes including in particular spectroscopic and polarimetric studies. 
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