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To eliminate all suspense…

•  Properties of protoplanetary disks

•  The role of magnetic fields in star formation

•  Abundance gradients across the Galaxy



Protoplanetary Disks



Key questions…

–  What is the total gas mass in disks?

–  How much water is there in disks – in both gas

    and ice – and available to forming planets?



Why do we want to know the total gas mass in disks?

1) The most fundamental quantity that determines whether 
planets can form is the protoplanetary disk mass; 
forming planetary systems like our own require a 
minimum disk mass of ~0.01 M⦿.

H2 is the dominant gas-phase species in disks, but its high

1st excited state, Eul/k (H2, J=2–0), is 510 K above the ground

state, makes H2 a very poor emitter within Tgas < 100 K.

Problem #1:

3)   We want to know the ‘true’ abundance of gas-phase

       species. 

2)   We want to know the timescale for planet formation,

      which we believe is tied to the gas dissipation timescale. 



Why do we want to know the total gas mass in disks?

Problem #3:
At sub-mm/mm wavelengths the dust emission is optically thin, 
probing the disk dust mass. 
With an assumed dust opacity coefficient and the ratio of the 
dust-to-gas mass, derive the disk gas mass from the dust mass. 
A variety of sensitive observations have demonstrated that 
grains have likely undergone growth to sizes 1 mm to 1 cm (at 
least) in many systems. 
Thus, the dust opacity is uncertain and the gas-to-dust ratio is 
likely variable.

Problem #2:
Usually, we observe CO as a proxy for H2 (and multiple x 104),

but CO emission is dominated by the warm surface layers and 
there’s evidence that CO is frozen out in the disk mid-plane.



Unlike CO, HD and H2 are only weakly bound on the cold 
(T~10 – 20 K) dust grains that reside in the mass carrying 
disk midplane.
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1000

500

0
112.07 µm

J=0

J=1

J=0

J=2

28.22 µm

J=3

J=1

17.04 µm

HD H2 OrthoH2 Para

128 K

510 K

1015 K

The solution lies in observing HD in the far-infrared

HD’s lower energy above the ground state, Eu/k, makes it 
more readily excited in cold gas than H2.



For optically thin emission: I =Aul hn Nu / 4p

5.4 x 10-8 s-1 2.9 x 10-11 s-1 4.8 x 10-10 s-1Aul

Even with [HD/H2] ~ 3 x 10-5,  I(HD) > 700,000 x I(H2) at 25 K
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Atmospheric transmission around the HD J=1-0 line

Challenging, but doable
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Water content of disks…
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Water content of disks…

106 of 107 H2O transitions with Eu/k ≤ 1000 K

lie between 25 µm and 1mm

1
to
25

25
to
50

50
to
75

75
to
100

100
to
125

125
to
150

150
to
175

175
to
200

200
to
300

300
to
600

600
to

1000

1mm
to

2mm

2mm
to

10mm

Wavelength Bins (microns)

0

10

15

20

25
JW
ST SOFIA

Unfortunately, not all of these transitions are observable by SOFIA
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• HIRMES will provide low (R~600) to very high (R~100,000)  
spectral resolving power over the spectral range 25-122 µm.
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High Resolution Mid-infrarEd Spectrometer

In our Solar System, HIRMES explores the composition and thermal structure of the atmospheres 
of giant planets and Titan, extracting information of isotopic ratios, elemental and molecular abun-
dances, and the thermal structures of their atmospheres. HIRMES provides continuity with observa-
tions made by Cassini and Voyager, and extends their work. HIRMES explores any bright comets by 
observing their molecular composition.

HIRMES explores the deuterium to hydrogen (D/H) ratios in the giant planets of our Solar System. 
This ratio has been partially explored in these planets, but there exists no uniform and systematic ob-
servations that can provide a detailed comparison of all the planets.

The HIRMES science team includes world leading experts in each theme. HIRMES is managed 
by Goddard Space Flight Center (GSFC). Instrument design, development, and commissioning are 
carried out by GSFC in partnership with Cornell University. This partnership combines mature tech-
nologies – Transition Edge Sensor (TES) detector arrays from GSFC and Fabry-Perot Interferometers 
(FPIs) from Cornell – enabling background limited R~100,000 spectroscopy. This high spectral reso-
lution dramatically reduces background and noise, enabling HIRMES to achieve the best sensitivity 
currently possible for far-IR spectroscopy of narrow spectral lines with SOFIA (Figure ES-2).
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Figure ES-2: A): HIRMES fills scientifically important spectral regions with a combination of sensitivity and resolving power 
currently unavailable on SOFIA. B): HIRMES’ observing speed is two orders of magnitude greater than GREAT for scientifically 
important lines (e.g., OI and HD lines). This gain in sensitivity and resolution is achieved by using grating dispersive spectroscopy 
combined with the Fabry-Perot tunable narrow-band filters and high efficiency background limited direct detectors.

HIRMES has three spectral modes: 1) Low-res Mode, providing R ~ 600 over the full spectral range; 
2) Mid-res Mode (R ~ 12,000) producing a spectrum over the full instantaneous spectral coverage of 
the grating mode (~ 0.1 λ); and, 3) High-res (R ~ 50,000 to 100,000) Mode, provided by inserting a 
high order scanning FPI into the beam downstream of the mid-res FPI/grating combination.

In Low-res Mode, HIRMES provides continuous spectroscopy from 25 to 120 µm. Across the 
band of intersection, HIRMES is typically 3.2 times more sensitive than FIFI-LS for flux detection 
at the resolving power limit (500 km/s) of the HIRMES spectrometer. HIRMES’ bolometers have 
higher Detective Quantum Efficiency, do not suffer from recombination noise generation inherent in 
the FIFI-LS photoconductors, and its observations are performed scanning along the long slit, so sky 
noise subtraction penalty is minimal (<10%). Since HIRMES’ instantaneous bandwidth (~11%) is 
16 times broader than FIFI-LS (~0.7%), HIRMES is 166 times faster. In addition to its significantly 
higher resolving power (R ~ 600) compared to the FORCAST grisms (R ~ <220), HIRMES is also 
significantly (~5.6) more sensitive per spectral sample scaled to the same resolving power, although the 
instantaneous bandwidth of the FORCAST grisms (~26%) is somewhat larger than HIRMES (11%). 
By the combination of these factors, HIRMES is 13 times faster than FORCAST.

All HIRMES components are TRL 6 or higher (Appendix 6, MEL). The HIRMES design combines 
the GSFC detectors and Cornell’s FPIs with commercially available hardware to produce a high per-
formance system with low development risk.
HIRMES characterizes, unambiguously for the first time, the mass of gas, water vapor, and water 
ice in protoplanetary disks – the fundamental elements for planet formation and origin of water in 
terrestrial planets.

• HIRMES combines grating dispersive spectroscopy and Fabry-
Pérot tunable narrow-band filters with high-efficiency background-
limited bolometer detectors.

• 64 x 16 array of TES detectors for Low- and Medium-Res module

    16 x 8 array of TES detectors for the High-Res FPI
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High Resolution Mid-infrarEd Spectrometer

The High-Resolution Mid-Infrared Spectrometer (HIRMES) addresses fundamental questions about the evolution of planetary 
systems. HIRMES is a versatile facility instrument for the Stratospheric Observatory for Infrared Astronomy (SOFIA) that directly 
observes key ingredients of habitable worlds, answering questions such as: How does the disk mass evolve during planetary 
formation? What is the distribution of oxygen, water ice, and water vapor in different phases of planet formation? 
What are the kinematics of water vapor and oxygen in protoplanetary disks? In answering these questions, HIRMES will 
discover where and in what form the raw materials for life reside, and how planetary systems like our own evolve.
HIRMES answers these questions definitively by providing low (R~600) to very high (R~100,000) spectral resolving power over 
the critical spectral range 25-122 μm. HIRMES combines grating dispersive spectroscopy and Fabry-Perot tunable narrow-band 
filters with high efficiency background-limited direct detectors. The instrument spectral resolution is designed to match the 
width of the spectral lines, significantly reducing the background and noise, to achieve the maximum possible sensitivity for far-
IR spectroscopy with SOFIA. With this design, the observing speed is 100 times greater than what has previously been possible.

Among the highest priorities set by the Astro2010 Decadal Survey is the advancement of our under-
standing of the physics and chemistry of protoplanetary disks and planet formation. It emphasizes the 
important role of high-resolution spectroscopy at infrared wavelengths for characterizing the physical 
and chemical conditions within these disks. Water plays a crucial role in the formation of giant planets 
and in the development of life (Figure ES-1).
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Figure ES-1: Model of water distribution in a protoplanetary disk. HIRMES determines if water is depleted from the hot layers 
above the snow line and estimates the degree of settling of solid particles to the mid-plane.

With its high resolving power modes (R ~ 50,000 to 100,000), HIRMES provides unique access 
to HD in protoplanetary disks, and allows velocity-resolved spectroscopy of H2O at temperatures 
characteristic of the snow line. HIRMES measures the velocities of orbiting gas in [OI] 63 µm line, 
one of the strongest fine structure lines, a tracer of spatial structure that is not available from direct 
imaging. HIRMES uses its grating mode (R ~ 600) to determine the mass of water ice in the system 
and to explore the crystalline mass fraction of the ice, providing information about its thermal evolu-
tion. HIRMES’ observations of the distribution of water ice, water vapor (including heavy isotopo-
logues), and oxygen in planet-forming disks will illuminate the fossil record of these components in 
our own Solar System, as preserved in comets and asteroids. HIRMES is a direct photon detecting 
spectrometer, thus it achieves the sensitivity necessary to be in the discovery space which is fundamen-
tally inaccessible to heterodyne receiver instruments.

Hundreds of protoplanetary disks in associations within 500 parsecs (pc) of our Solar System, in-
cluding well over 100 in the three nearest Young Stellar Object (YSO) associations 140-160 pc away, 
are within HIRMES’ grasp.

EXECUTIVE SUMMARY

Main disk science goals:
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High Resolution Mid-infrarEd Spectrometer

of disk masses are complicated by the fact that the molecular properties of H2 lead it to be essentially 
dark at temperatures below 30 K, which characterizes most of the disk mass, and only weakly emit-
ting at higher temperatures [Carmona et al., 2008]. To counter this difficulty, astronomers adopt trace 
constituents as proxies. The dominant method is to use thermal continuum emission of dust grains. At 
longer sub-mm/mm wavelengths the dust emission is optically thin, probing the disk dust mass. With 
an assumed dust opacity coefficient, along with the dust/gas mass ratio, the disk gas mass is determined 
from the dust mass [Beckwith et al., 1990; Andrews & Williams, 2005]. Gas mass estimates range 
from 0.0005 − 0.1 M¤ [Williams & Cieza, 2011]. However, a variety of sensitive observations have 
demonstrated that grains have likely undergone growth [Testi et al., 2014]. When grains have grown to 
large (>10 cm) sizes, they become undetectable. Thus, the dust mass and the inferred H2 gas masses are 
inherently uncertain. The alternative is to use rotational CO lines as gas tracers, but these are optically 
thick and trace the disk surface temperature as opposed to the midplane mass.

These uncertainties are well know, and have broad implications for several important questions:
(1) What is the lifetime over which gas is available to form giant planets?
(2) What is the primary mode of giant planet formation, core accretion or gravitational instabil-

ity in a massive disk [Hartmann, 2008]?
(3) What is the dynamical evolution of the seeds of  terrestrial worlds [Kominami & Ida, 2004; 

Ida & Lin, 2008] and the resulting chemical composition of pre-planetary embryos?
Given current uncertainties, it is unknown whether our own Solar system formed within a disk with 

a mass typical of present-day protoplanetary disks [Williams & Cieza, 2011]. This is of more general 
impact, as the frequency of extra-solar planet detection may require disk masses higher than those of 
typical protoplanetary disks [Greaves & Rice, 2010; Mordasini et al., 2012].

HIRMES will change this through its ability to 
observe the ground state transition of HD. This 
molecule was first detected (but not spectrally re-
solved) in the TW Hya disk by Bergin et al. [2013] 
using the Herschel Space Observatory (Figure D-3). 
The atomic deuterium abundance relative to H2 
is well characterized in objects that reside within 
~100 pc of the Sun [Linsky, 1998], such as TW 
Hya. The molecule is highly volatile and HD re-
sides primarily in the gas throughout the disk, with 
a known abundance relative to H2. With rotational 
energy spacings providing a better match to the 
gas temperature and a weak dipole, the lowest ro-
tational transition of HD is a million times more 
emissive than H2 for a given gas mass at 20 K. It 
therefore offers the best chance to derive accurate 
disk gas masses in potentially active planet-form-
ing regions. In the case of TW Hya, the gas mass is 
estimated to be many times the MMSN.

D.4 Tracing the Hidden Mass Reservoir and Timescales for Planet Formation

D.4.1 Hydrogen Deuteride as a Mass Tracer
HIRMES makes it possible to survey nearby disk systems for HD emission. One difficulty with 

Herschel’s observations was the presence of strong continuum at 112 µm, that greatly reduced the 
line detection limit in unresolved observations. HIRMES’ high spectral resolution resolves the HD 
line, providing greater opportunities for detections while constraining the gas mass at the radii that 
dominate the HD emission. To move beyond the few systems with accurate gas masses and open up 
our understanding of planet formation requires spectrally resolving the HD lines and obtaining HD 
detections in more disk systems. This will provide the missing information about the gas masses of 
planet-forming disks. HIRMES also has tremendous synergy with the ALMA – it provides the infor-
mation about gas temperature structures necessary to extract mass from HIRMES’ HD observations. 
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Figure D-3: Herschel PACS detected HD in TW Hya without 
spectrally resolving the line. HIRMES measures the spectrum 
of sources with sufficient resolving power to map the kine-
matic structure of the protoplanetary disk.

•  Measure the HD line at 112 µm;

   Disk mass + kinematics

TW Hya
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High Resolution Mid-infrarEd Spectrometer

The High-Resolution Mid-Infrared Spectrometer (HIRMES) addresses fundamental questions about the evolution of planetary 
systems. HIRMES is a versatile facility instrument for the Stratospheric Observatory for Infrared Astronomy (SOFIA) that directly 
observes key ingredients of habitable worlds, answering questions such as: How does the disk mass evolve during planetary 
formation? What is the distribution of oxygen, water ice, and water vapor in different phases of planet formation? 
What are the kinematics of water vapor and oxygen in protoplanetary disks? In answering these questions, HIRMES will 
discover where and in what form the raw materials for life reside, and how planetary systems like our own evolve.
HIRMES answers these questions definitively by providing low (R~600) to very high (R~100,000) spectral resolving power over 
the critical spectral range 25-122 μm. HIRMES combines grating dispersive spectroscopy and Fabry-Perot tunable narrow-band 
filters with high efficiency background-limited direct detectors. The instrument spectral resolution is designed to match the 
width of the spectral lines, significantly reducing the background and noise, to achieve the maximum possible sensitivity for far-
IR spectroscopy with SOFIA. With this design, the observing speed is 100 times greater than what has previously been possible.

Among the highest priorities set by the Astro2010 Decadal Survey is the advancement of our under-
standing of the physics and chemistry of protoplanetary disks and planet formation. It emphasizes the 
important role of high-resolution spectroscopy at infrared wavelengths for characterizing the physical 
and chemical conditions within these disks. Water plays a crucial role in the formation of giant planets 
and in the development of life (Figure ES-1).
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Figure ES-1: Model of water distribution in a protoplanetary disk. HIRMES determines if water is depleted from the hot layers 
above the snow line and estimates the degree of settling of solid particles to the mid-plane.

With its high resolving power modes (R ~ 50,000 to 100,000), HIRMES provides unique access 
to HD in protoplanetary disks, and allows velocity-resolved spectroscopy of H2O at temperatures 
characteristic of the snow line. HIRMES measures the velocities of orbiting gas in [OI] 63 µm line, 
one of the strongest fine structure lines, a tracer of spatial structure that is not available from direct 
imaging. HIRMES uses its grating mode (R ~ 600) to determine the mass of water ice in the system 
and to explore the crystalline mass fraction of the ice, providing information about its thermal evolu-
tion. HIRMES’ observations of the distribution of water ice, water vapor (including heavy isotopo-
logues), and oxygen in planet-forming disks will illuminate the fossil record of these components in 
our own Solar System, as preserved in comets and asteroids. HIRMES is a direct photon detecting 
spectrometer, thus it achieves the sensitivity necessary to be in the discovery space which is fundamen-
tally inaccessible to heterodyne receiver instruments.

Hundreds of protoplanetary disks in associations within 500 parsecs (pc) of our Solar System, in-
cluding well over 100 in the three nearest Young Stellar Object (YSO) associations 140-160 pc away, 
are within HIRMES’ grasp.

EXECUTIVE SUMMARY

Main disk science goals:

•  Measure the HD line at 112 µm;

   Disk mass + kinematics
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High Resolution Mid-infrarEd Spectrometer

The High-Resolution Mid-Infrared Spectrometer (HIRMES) addresses fundamental questions about the evolution of planetary 
systems. HIRMES is a versatile facility instrument for the Stratospheric Observatory for Infrared Astronomy (SOFIA) that directly 
observes key ingredients of habitable worlds, answering questions such as: How does the disk mass evolve during planetary 
formation? What is the distribution of oxygen, water ice, and water vapor in different phases of planet formation? 
What are the kinematics of water vapor and oxygen in protoplanetary disks? In answering these questions, HIRMES will 
discover where and in what form the raw materials for life reside, and how planetary systems like our own evolve.
HIRMES answers these questions definitively by providing low (R~600) to very high (R~100,000) spectral resolving power over 
the critical spectral range 25-122 μm. HIRMES combines grating dispersive spectroscopy and Fabry-Perot tunable narrow-band 
filters with high efficiency background-limited direct detectors. The instrument spectral resolution is designed to match the 
width of the spectral lines, significantly reducing the background and noise, to achieve the maximum possible sensitivity for far-
IR spectroscopy with SOFIA. With this design, the observing speed is 100 times greater than what has previously been possible.

Among the highest priorities set by the Astro2010 Decadal Survey is the advancement of our under-
standing of the physics and chemistry of protoplanetary disks and planet formation. It emphasizes the 
important role of high-resolution spectroscopy at infrared wavelengths for characterizing the physical 
and chemical conditions within these disks. Water plays a crucial role in the formation of giant planets 
and in the development of life (Figure ES-1).
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Figure ES-1: Model of water distribution in a protoplanetary disk. HIRMES determines if water is depleted from the hot layers 
above the snow line and estimates the degree of settling of solid particles to the mid-plane.

With its high resolving power modes (R ~ 50,000 to 100,000), HIRMES provides unique access 
to HD in protoplanetary disks, and allows velocity-resolved spectroscopy of H2O at temperatures 
characteristic of the snow line. HIRMES measures the velocities of orbiting gas in [OI] 63 µm line, 
one of the strongest fine structure lines, a tracer of spatial structure that is not available from direct 
imaging. HIRMES uses its grating mode (R ~ 600) to determine the mass of water ice in the system 
and to explore the crystalline mass fraction of the ice, providing information about its thermal evolu-
tion. HIRMES’ observations of the distribution of water ice, water vapor (including heavy isotopo-
logues), and oxygen in planet-forming disks will illuminate the fossil record of these components in 
our own Solar System, as preserved in comets and asteroids. HIRMES is a direct photon detecting 
spectrometer, thus it achieves the sensitivity necessary to be in the discovery space which is fundamen-
tally inaccessible to heterodyne receiver instruments.

Hundreds of protoplanetary disks in associations within 500 parsecs (pc) of our Solar System, in-
cluding well over 100 in the three nearest Young Stellar Object (YSO) associations 140-160 pc away, 
are within HIRMES’ grasp.

EXECUTIVE SUMMARY

Main disk science goals:

•  Measure the HD line at 112 µm;

   Disk mass + kinematics
• Measure [OI] 63 µm and warm   

H2O 28 - 38 µm; Amount of O 
and H2O inside the snowlike

H2O Lines Detectable by HIRMES
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High Resolution Mid-infrarEd Spectrometer

The High-Resolution Mid-Infrared Spectrometer (HIRMES) addresses fundamental questions about the evolution of planetary 
systems. HIRMES is a versatile facility instrument for the Stratospheric Observatory for Infrared Astronomy (SOFIA) that directly 
observes key ingredients of habitable worlds, answering questions such as: How does the disk mass evolve during planetary 
formation? What is the distribution of oxygen, water ice, and water vapor in different phases of planet formation? 
What are the kinematics of water vapor and oxygen in protoplanetary disks? In answering these questions, HIRMES will 
discover where and in what form the raw materials for life reside, and how planetary systems like our own evolve.
HIRMES answers these questions definitively by providing low (R~600) to very high (R~100,000) spectral resolving power over 
the critical spectral range 25-122 μm. HIRMES combines grating dispersive spectroscopy and Fabry-Perot tunable narrow-band 
filters with high efficiency background-limited direct detectors. The instrument spectral resolution is designed to match the 
width of the spectral lines, significantly reducing the background and noise, to achieve the maximum possible sensitivity for far-
IR spectroscopy with SOFIA. With this design, the observing speed is 100 times greater than what has previously been possible.

Among the highest priorities set by the Astro2010 Decadal Survey is the advancement of our under-
standing of the physics and chemistry of protoplanetary disks and planet formation. It emphasizes the 
important role of high-resolution spectroscopy at infrared wavelengths for characterizing the physical 
and chemical conditions within these disks. Water plays a crucial role in the formation of giant planets 
and in the development of life (Figure ES-1).
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Figure ES-1: Model of water distribution in a protoplanetary disk. HIRMES determines if water is depleted from the hot layers 
above the snow line and estimates the degree of settling of solid particles to the mid-plane.

With its high resolving power modes (R ~ 50,000 to 100,000), HIRMES provides unique access 
to HD in protoplanetary disks, and allows velocity-resolved spectroscopy of H2O at temperatures 
characteristic of the snow line. HIRMES measures the velocities of orbiting gas in [OI] 63 µm line, 
one of the strongest fine structure lines, a tracer of spatial structure that is not available from direct 
imaging. HIRMES uses its grating mode (R ~ 600) to determine the mass of water ice in the system 
and to explore the crystalline mass fraction of the ice, providing information about its thermal evolu-
tion. HIRMES’ observations of the distribution of water ice, water vapor (including heavy isotopo-
logues), and oxygen in planet-forming disks will illuminate the fossil record of these components in 
our own Solar System, as preserved in comets and asteroids. HIRMES is a direct photon detecting 
spectrometer, thus it achieves the sensitivity necessary to be in the discovery space which is fundamen-
tally inaccessible to heterodyne receiver instruments.

Hundreds of protoplanetary disks in associations within 500 parsecs (pc) of our Solar System, in-
cluding well over 100 in the three nearest Young Stellar Object (YSO) associations 140-160 pc away, 
are within HIRMES’ grasp.

EXECUTIVE SUMMARY

Main disk science goals:

•  Measure the HD line at 112 µm;

   Disk mass + kinematics
• Measure [OI] 63 µm and warm   

H2O 28 - 38 µm; Amount of O 
and H2O inside the snowlike

• Determine the amount of H2O-ice 
beyond the snowline; Measure 
crystalline (43 µm and 63 µm) 
and amorphous (47 µm) features

D-6
PROPRIETARY INFORMATION 

Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this proposal.

High Resolution Mid-infrarEd Spectrometer

its abundance cannot be determined to useful preci-
sion by indirect means. Emission from large grains 
and small planetesimals at disk mid-plane is observed 
at submillimeter and millimeter wavelengths, but is 
insensitive to the ice component of these bodies (e.g., 
Draine, 2006). The few direct detections of water-ice 
spectral features in disks have been from the outer 
parts of silhouette (e.g., Terada & Tokunaga, 2012) 
or edge-on disks (e.g., Pontoppidan et al., 2005), 
requiring very special geometries, and in the high-
er mass disks of a few Ae/Be and T Tau stars (e.g., 
Malfait et al., 1999; Creech-Eakman et al., 2002). 
HIRMES detects water ice in a range of Solar mass 
systems.

The best way to measure the water ice content of 
protoplanetary disks is to observe their emission fea-
tures in the far-infrared: crystalline water ice at 43 
and 63 µm, first detected on the Kuiper Airborne 
Observatory (KAO) [Omont et al., 1990], and amor-
phous water ice at 47 µm (Figure D-4). The feature at 
43 µm is the strongest and narrowest. Since dust that 
is warm enough to excite other ice features at shorter 
wavelengths is too hot to remain ice, the far-infrared 
features are unique emission tracers of water ice. As 
with other solid state emission features, the far-infrared water ice bands arise in the upper disk, but 
below the snow line, and are due to small icy grains elevated above the colder, optically-thick disk by 
turbulent gas motions. The strength of these features relative to well-known features due to refractory 
silicates and other minerals is indicative of the local mass fraction of water ice [McClure et al., 2015]. 
The ice-to-rock mass ratio is determined by fitting radiative transfer models to the mid- to far-IR 
solid-state features observed with Spitzer and Herschel and including HIRMES’ measurement of the 
ice features. Through disk models, the ice feature strength and profile can constrain the total ice mass 
of a disk, as well as shed light on the thermal history of the solids.

The general lack of access to the dominant 43 µm crystalline ice feature means it is still unknown 
whether protoplanetary disk solids typically have ice/rock mass ratios similar to those of Solar System 
comets, and whether ice indeed is a dominant solid mass reservoir. HIRMES will measure, at high 
signal-to-noise (SNR), the ice/rock mass ratios in a hundred or more protoplanetary disks using the 
43 µm ice feature. Thus, HIRMES answers one of the crucial questions of core-accretion giant-planet 
formation, and characterizes the reservoir of water ice that will eventually supply these systems’ habit-
able planets.

D.5.2 Science Capabilities
HIRMES provides moderate resolution spectroscopy of water-ice emission profiles. The three fea-

tures of crystalline and amorphous water ice (Figure D-4) have distinctive shapes, making it straightfor-
ward to observe the features superimposed on strong dust continuum emission – as would be the case 
in protoplanetary disks – as well as to separate contributions from amorphous and crystalline compo-
nents. As seen in Figures D-4 and D-5, the 43, 47, and 63 µm water-ice features are sensitive to the mass 
fraction and thermal history of water ice in disks. Because these features are excited at temperatures 
lower than the desorption temperature of water, they appear in emission. This is in contrast to more 
familiar ice features at shorter wavelengths, which require special geometries or viewing angles that al-
low other instruments to see the features in scattering or absorption.
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Figure D-4: HIRMES can infer the thermal history of grain 
mantles by observation of the 43, 47 and 63 µm water-ice 
features. The plot shows the emission/absorption coeffi-
cients (McClure et al. 2015).
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Summary 

The paper deals with the problem of gravitational condensation in the 
presence of a magnetic field. It is shown that as long as the field is frozen 
into the contracting cloud the magnetic pressure sets a lower limit to the mass 
that can remain gravitationally bound : if the field is taken as io-6 gauss 
in regions of density io H atoms/cm3, this lower limit is c¿5Xio20. 
However, if the bulk of the cloud is obscured from galactic starlight by dust 
grains, the plasma density within the cloud will decline rapidly, as ions and 
electrons attach themselves to the grains. When the plasma density is low 
enough the frictional coupling between plasma and neutral gas will be so small 
that the distorted magnetic field will be able to straighten itself, dragging the 
remains of the plasma with it, while the bulk of the cloud contracts across the 
field. With the magnetic energy so reduced to a small fraction of the 
gravitational energy, the cloud is able to break up into stars. 

1. Introduction.—In recent years many workers have been led to postulate 
a strong large-scale magnetic field in the Galaxy. Interpretations of the observed 
polarization of starlight involve selective extinction by magnetically oriented, 
non-spherical dust grains (i, z). Fermi proposed a magnetic mechanism for the 
acceleration of charged particles to cosmic-ray energies (3), while Chandrasekhar 
and Fermi explain the lateral equilibrium of a spiral arm as a balance between 
gravitation, turbulent pressure and magnetic pressure (4). The field is assumed 
to arise through large-scale galactic mass-motions causing a small initial field to 
grow until approximate equipartition of energy exists between the magnetic and 
kinetic fields (5). 

The objections to the existence of such a field have been of two types: 
{i) doubts as to whether hydromagnetic turbulence will lead to equipartition of 
energy between any but the small-scale components of field and motion (6, 7), 
and (ii) concern at the difficulty of star formation in the presence of so much 
magnetic energy. It is with this second objection that this paper is concerned. 

Some workers would argue that the evidence for a strong magnetic field is 
fairly impressive, whereas our knowledge of the process of star formation is not 
sufficiently precise to yield a strong argument for or against the field’s existence. 
Others would regard a theory of star formation which successfully takes account 
of the field as removing one of the principal theoretical objections to the field. 
Whichever view one adopts, it is clear that the possible or probable existence 
of the field should not be ignored when discussing the origin of stars. In this 
paper the field is assumed, and the problem of star formation re-examined. 

* Received in original form 1956 May 11. 
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Unless the effects of B-fields are reduced 
(by reduced fractional ionization),  
B-fields inhibit star formation
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B-fields inhibit star formation

B-fields foster star formation

…30 years later
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Abstract
We review current understanding of star formation, outlining an
overall theoretical framework and the observations that motivate it.
A conception of star formation has emerged in which turbulence
plays a dual role, both creating overdensities to initiate gravita-
tional contraction or collapse, and countering the effects of gravity
in these overdense regions. The key dynamical processes involved
in star formation—turbulence, magnetic fields, and self-gravity—
are highly nonlinear and multidimensional. Physical arguments are
used to identify and explain the features and scalings involved in
star formation, and results from numerical simulations are used to
quantify these effects. We divide star formation into large-scale and
small-scale regimes and review each in turn. Large scales range from
galaxies to giant molecular clouds (GMCs) and their substructures.
Important problems include how GMCs form and evolve, what de-
termines the star formation rate (SFR), and what determines the
initial mass function (IMF). Small scales range from dense cores to
the protostellar systems they beget. We discuss formation of both
low- and high-mass stars, including ongoing accretion. The devel-
opment of winds and outflows is increasingly well understood, as are
the mechanisms governing angular momentum transport in disks.
Although outstanding questions remain, the framework is now in
place to build a comprehensive theory of star formation that will be
tested by the next generation of telescopes.
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would consist of a network of (overlapping) shocks; this state is often referred to as
Burgers turbulence (Frisch & Bec 2001). Because the power spectrum corresponding
to a velocity discontinuity in one dimension has P (k) ∝ k−2, an isotropic system of
shocks in three dimensions would also yield power-law scalings for the velocity cor-
relations, with n = 4 and q = 1/2. Note that correlations can take on a power-law
form even if there is not a conservative inertial cascade; a large range of spatial scales
with consistent physics is still required.

Turbulence in a magnetized system must differ from the unmagnetized case be-
cause of the additional wave families and nonlinear couplings involved, as well as the
additional diffusive processes—including resistive and ion-neutral drift terms (see
Section 2.1.3). When the magnetic field B is strong, in the sense that the Alfvén
speed vA ≡ B/

√
4πρ satisfies vA ≫ v(ℓ), a directionality is introduced such that the

correlations of the flow variables may depend differently on r||, r⊥, k||, and k⊥, the
displacement and wavevector components parallel and perpendicular to B̂.

For incompressible magnetohydrodynamics (MHD) turbulence, Goldreich &
Sridhar (1995) introduced the idea of a critically balanced anisotropic cascade, in
which the nonlinear mixing time perpendicular to the magnetic field and the propaga-
tion time along the magnetic field remain comparable for wavepackets at all scales, so
that vAk|| ∼ v(k⊥, k||)k⊥. Interactions between oppositely directed Alfvén wavepackets
traveling along magnetic fields cannot change their parallel wavenumbers k|| = k · B̂,
so that the energy transfers produced by these collisions involve primarily k⊥; i.e., the
cascade is through spatial scales ℓ⊥ = 2π/k⊥, with v(ℓ⊥)3/ℓ⊥ ∼ constant. Combining
critical balance with a perpendicular cascade yields anisotropic power spectra (larger
in the k⊥ direction); at a given level of power, the theory predicts k|| ∝ k2/3

⊥ . Magnetic
fields and velocities are predicted to have the same power spectra.

Unfortunately, for the case of strong compressibility (c s ≪ v) and moderate
or strong magnetic fields (c s ≪ vA ! v), which generally applies within molecu-
lar clouds, there is as yet no simple conceptual theory to characterize the energy
transfer between scales and to describe the spatial correlations in the velocity and
magnetic fields. On global scales, the flow may be dominated by large-scale (magne-
tized) shocks that directly transfer energy from macroscopic to microscopic degrees
of freedom. Even if velocity differences are not sufficient to induce (magnetized)
shocks, for trans-sonic motions compressibility implies strong coupling among all
the MHD wave families. However, within a sufficiently small subvolume of a cloud
(and away from shock interfaces), velocity differences may be sufficiently subsonic
that the incompressible MHD limit and the Alfvénic cascade approximately holds
locally.

Even without direct energy transfer from large to small scales in shocks, a key
property of turbulence not captured in classical models is intermittency effects—the
strong (space-time) localization of dissipation in vortex sheets or filaments, which
can occur even with a conservative energy cascade. (Shocks in compressible flows
represent a different class of intermittent structures.) Signatures of intermittency
are particularly evident in departures of high-order structure function exponents
from the value p/3, and in non-Gaussian tails of velocity-increment probability
distribution functions (PDFs) (e.g., Lis et al. 1996, Sreenivasan & Antonia 1997).
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This problem is really hard.  B-fields may help, they may hurt.
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… thus laying down the gauntlet for observers.



in Galactic molecular clouds (see Fig. 1) and suggested an
intimate connection between the filamentary structure of
the ISM and the star formation process (André et al., 2010;
Molinari et al., 2010). While molecular clouds have been
known to exhibit large-scale filamentary structures for
quite some time (Schneider and Elmegreen, 1979;
Johnstone and Bally, 1999; Myers, 2009 and Myers,
2009), Herschel observations now demonstrate that these
filaments are truly ubiquitous in the cold ISM (Hill et al.,
2011; Men’shchikov et al., 2010; Wang et al., 2015),
probably make up a dominant fraction of the dense gas in
molecular clouds (Schisano et al., 2014; Könyves et al.,
2015), present a high degree of universality in their
properties (Arzoumanian et al., 2011), and are the
preferred birthplaces of prestellar cores (Könyves et al.,
2015; Marsh et al., 2016). This means that interstellar
filaments probably play a central role in the star formation
process (André et al., 2014).

2.1. A characteristic filament width

Detailed analysis of the radial column density profiles
derived from Herschel submillimeter dust continuum data
shows that, at least in the nearby clouds of the Gould Belt,
filaments are characterized by a very narrow distribution
of inner widths W with a typical FWHM value ! 0.1 pc
(much higher than the ! 0.01 pc resolution provided by
Herschel at the distance ! 140 pc of the nearest clouds) and
a dispersion lower than a factor of 2 (Arzoumanian et al.,
2011; Koch and Rosolowsky, 2015; Palmeirim et al., 2013).
Independent measurements of filament widths have
generally been consistent with this Herschel finding when
performed in submillimeter continuum emission. For
instance, Salji et al. (2015) found an averaged deconvolved
FWHM width of 0:08þ0:07

#0:03 pc for 28 filaments detected at
850 mm with SCUBA-2. It should be pointed out, however,
that significant variations around the mean inner width
of ! 0.1 pc (by up to a factor of ! 2 on either side)
sometimes exist along the main axis of a given filament
(Juvela et al., 2012; Ysard et al., 2013). We also note
that the report by Henshaw et al. (2017) of a typical

width of ! 0.03 pc for filamentary structures observed in
the 1.1-mm dust continuum with ALMA toward the
infrared dark cloud G035.39–00.33 may be affected by
interferometric filtering of large-scale emission.

Recently, Panopoulou et al. (2017) raised the issue of
whether the existence a characteristic filament width is
consistent with the scale-free nature of the power
spectrum of interstellar cloud images (well described by
a single power law from ! 0.01 pc to ! 50 pc – Miville-
Deschênes et al., 2010, 2016). They suggested that the
filament widths obtained by Gaussian fitting may be
strongly correlated with the range of radii over which
the filament profiles are fitted and may not indicate a
genuine characteristic width. This suggestion is question-
able for the following reasons. First, simulations indicate
that the power spectra of synthetic cloud images including
populations of simple model filaments, all 0.1 pc in
diameter, remain consistent with the observed ‘scale-free’
power spectra for realistic distributions of filament
contrasts over the background (A. Roy et al., in prep.).
Second, in the case of dense filaments whose radial profiles
often feature power-law wings, a typical inner diameter
of ! 0.1 pc is also found using a Plummer-like model

function of the form Np rð Þ ¼ N0
H2
= 1 þ r=Rflat

! "2
h ip#1

2 , which

provides a much better fit to the overall radial profiles than
a simple Gaussian model (see Fig. 2 adapted from
Palmeirim et al., 2013). Third, the range of radii used for
the Gaussian fitting needs not be arbitrarily fixed, but can
be adjusted depending on an initial estimate of the
background level at each point along the crest of a
filament (André et al., 2016). Finally, it is the physical inner
width (in pc) that remains approximately constant from
filament to filament in Herschel observations of nearby
clouds, while the angular width (in arcsec) scales roughly
as the inverse of the parent cloud’s distance (Arzoumanian,
2012). Although the width estimates reported for low-
density filaments with a low contrast over the background
are clearly more uncertain, we conclude that the median
FWHM filament width of 0.09 ' 0.04 pc reported by
(Arzoumanian et al., 2011 – see also André et al., 2014) is
most likely reflecting the presence of a genuine characteristic
scale corresponding to the inner diameter of filament
systems, at least in the Gould Belt.

The existence of this characteristic scale is challenging
for numerical simulations of interstellar cloud turbulence
(Smith et al., 2014; Ntormousi et al., 2016), and the origin
of the common inner width of interstellar filaments is
currently debated. A possible interpretation is that
filaments originate from planar intersecting shock waves
due to supersonic interstellar turbulence (Pudritz and
Kevlahan, 2013) and that the filament width corresponds
to the (magneto-)sonic scale below which the turbulence
becomes subsonic in diffuse, non-star-forming molec-
ular gases (Federrath, 2016; Padoan et al., 2001). Alterna-
tively, a characteristic width may arise if interstellar
filaments are formed as quasi-equilibrium structures in
pressure balance with a typical ambient ISM pressure
Pext! 2–5 ( 104 K)cm#3 (Fischera and Martin, 2012; S.
Inutsuka, private communication). A second alternative
explanation relies on the thermodynamical properties of

Fig. 1. Herschel/SPIRE 250 mm dust continuum image of a portion of the
Polaris flare translucent cloud (d ! 150 pc) taken as part of the HGBS
survey (e.g., André et al., 2010; Miville-Deschênes et al., 2010; Ward-
Thompson et al., 2010). Note the widespread filamentary structure.
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 After Andre et al. 2010; Miville-Deschenes et al. 2010.

Herschel/SPIRE 250 µm dust continuum image of a portion of the Polaris flare 
translucent cloud (d ~ 140 pc).

Take note of the filaments
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cold ISM gas (Hocuk et al., 2016; Larson, 2005) and
connects the common inner width of Herschel filaments to
the thermal Jeans length at the transition density
nH2
! 104"105 cm"3 at which the effective equation of

state of the gas P / rgeff changes from geff< 1 (below the
transition density) to geff> 1 (above the transition densi-
ty). Yet another possibility is that the characteristic inner
width of filaments may be set by the dissipation
mechanism of magnetohydrodynamic (MHD) waves due

to ion-neutral friction (Hennebelle, 2013; Hennebelle and
André, 2013; Ntormousi et al., 2016). Recently, Basu (2016)
and Auddy et al. (2016) pointed out that the magnetized
character of dense molecular filaments (see Section 6
below) implies that they cannot be true cylinders and that
their 3D configuration should be closer to magnetic
ribbons, i.e. triaxial objects flattened along the direction
of the large-scale magnetic field. On this basis, they
developed an analytic model in which the lateral width
of the ribbon-shaped filaments is independent of density,
but their thickness corresponds to the Jeans scale, and a
relatively flat distribution of apparent filament widths
results from projection effects assuming a random set of
viewing angles.

2.2. Link between dense cores and filaments

Another major result from Herschel in nearby clouds is
that most (> 75%) prestellar cores are found to lie within
dense filaments with column densities Nfil

H2
8 7#1021 cm"2

(André et al., 2010; Könyves et al., 2015; Marsh et al.,
2016 – see Figs. 3 and 4). Independent, albeit more indirect,
evidence that prestellar cores are closely associated with
filaments is provided by recent SCUBA-2 imaging obser-
vations that show that the spatial distribution of dense
cores as traced by minimal spanning trees is itself
filamentary (Kirk et al., 2013; Lane et al., 2017), and
highly correlated with the dense filaments detected with
Herschel (Könyves et al., 2015). Quantitatively, 8 80% of
the candidate prestellar cores identified with Herschel lie
within a radius of < 0.1 pc of the crest of their nearest
filament (Bresnahan et al., 2017; Könyves et al., 2015;
Ladjelate et al., in prep.). The column density threshold
above which prestellar cores are found in filaments is
quite pronounced, as illustrated in Fig. 5 which shows the
observed core formation efficiency CFEobs(AV) = DMcores(AV)/
DMcloud(AV) as a function of the ‘‘background’’ column

Fig. 2. Mean radial column density profile observed with Herschel
perpendicular to the B213/B211 filament in Taurus, for both the northern
(blue curve) and the southern part (red curve) of the filament. The yellow

area shows the ($ 1s) dispersion of the distribution of radial profiles along
the filament. The inner solid purple curve shows the effective 1800 HPBW
resolution (0.012 pc at 140 pc) of the column density map used to construct
the profile. The dashed black curve shows the best-fit Plummer-like model

of the form Npr ¼ N2
H= 1 þ r=Rflat

2
h ip"1

2 , which has a power-law index

p = 2.0 $ 0.4 and a diameter 2 # Rflat = 0.07 $ 0.01 pc. It matches the data
very well for r ' 0.4 pc.
Adapted from Palmeirim et al. (2013).

Fig. 3. (a) Herschel/SPIRE 250-mm dust continuum image of the Taurus B211/B213 filament in the Taurus molecular cloud (Marsh et al., 2016; Palmeirim
et al., 2013). Note the presence of several prominent dense cores along the filament; (b) IRAM/NIKA 1.25-mm dust continuum image of the central part of
the Herschel field on the left (from Bracco et al., 2017), showing at least three prominent dense cores.
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More than 300 starless cores are found, most lie in filaments

Filaments appear to be preferred sites of star formationFilamentary structure and compact objects in the Polaris Flare

• Most objects lie in filaments spanning orders of magnitude in intensity.
• Most of the 300 starless cores found are unbound

Men’shchivov et al., (2010)

Curvelet decomposition
and getsources results

Thursday, 18 April, 13

Polaris Flare

Men’shchivov et al. (2010)



P. Palmeirim et al.: Herschel view of the Taurus B211/3 filament and striations: evidence of filamentary growth?

Fig. 3. a) Herschel/SPIRE 250 µm image of the B211/B213/L1495 region in Taurus. The light blue and purple curves show the crests of the
B213 and B211 segments of the whole filament discussed in this paper, respectively. b) Display of optical and infrared polarization vectors from
Heyer et al. (2008), Heiles (2000), and Chapman et al. (2011) tracing the magnetic field orientation in the B211/L1495 region, overlaid on our
Herschel/SPIRE 250 µm image. The plane-of-the-sky projection of the magnetic field appears to be oriented perpendicular to the B211/B213
filament and roughly aligned with the general direction of the striations overlaid in blue. The green, blue, and black segments in the lower right
corner represent the average position angles of the polarization vectors, low-density striations, and B211 filament, respectively.

and most of the compact cores. Figure 2 shows that the B211
filament is surrounded by a large number of lower-density fila-
ments or striations which are oriented roughly perpendicular to
the main filament. It is important to stress that the striations can
also be seen in the original maps (cf. Figs. 1a and 3a) and that
the curvelet transform was merely used to enhance their con-
trast. Some of these striations are also visible in the 12CO(1–0)
and 13CO(1–0) maps of Goldsmith et al. (2008) at 4500 resolu-
tion. Following André et al. (2010), the column density map of
Fig. 2 was also converted to an approximate map of mass per
unit length along the filaments by multiplying the local column
density by the characteristic filament width of 0.1 pc (see color
scale on the right of Fig. 2). It can be seen in Fig. 2 that the
mass per unit length of the main B211 filament exceeds the ther-
mal value of the critical line mass, Mline,crit = 2 c2

s/G, while the
mass per unit length of the striations is an order of magnitude be-
low the critical value. Assuming that the non-thermal component
of the velocity dispersion inside the filaments is small compared
to the sound speed, as suggested by the results of millimeter line
observations (see Hacar & Tafalla 2011, for the L1517 filament
and Arzoumanian et al., in prep.) we tentatively conclude that
the whole B211 filament is gravitationally unstable, while the
perpendicular striations are not.

3.1. A bimodal distribution of filament orientations

To analyze the distribution of filament orientations in a quantita-
tive manner, we applied the DisPerSE algorithm (Sousbie 2011)
to the original column density map (Fig. 1a), in order to produce
a census of filaments and to trace the locations of their crests.
DisPerSE is a general method based on principles of computa-
tional topology and it has already been used successfully to trace

the filamentary structure in Herschel images of star-forming
clouds (e.g., Arzoumanian et al. 2011; Hill et al. 2011; Peretto
et al. 2012; Schneider et al. 2012). Using DisPerSE with a rel-
ative “persistence” threshold of 1021 cm�2 (⇠5� in the map –
see Sousbie 2011 for the formal definition of “persistence”) and
an absolute column density threshold of 1–2 ⇥ 1021 cm�2, we
could trace the crests of the B211 filament and 44 lower density
filamentary structures (see Fig. 3). Due to di↵ering background
levels on either side of the B211/3 filament (see Fig. 1a), we
adopted di↵erent column density thresholds on the north-eastern
side (2⇥1021 cm�2) and south-western side (1021 cm�2). The re-
sults of DisPerSE were also visually inspected in both the origi-
nal and the curvelet column density map, and a few doubtful fea-
tures discarded. The mean orientation or position angle of each
filament was then calculated from its crest (see Appendix A of
Peretto et al. 2012, for details). Figure 4 shows the resulting his-
togram of position angles. In this histogram, the low-density stri-
ations are concentrated near a position angle of 34� ±13�, which
is almost orthogonal to the B211 filament (PA = 118� ± 20�).
Interestingly, the position-angle distribution of available opti-
cal polarization vectors (Heiles 2000; Heyer et al. 2008), which
trace the local direction of the magnetic field projected onto the
plane-of-sky, is centered on PA = 26�±18� and thus very similar
to the orientation distribution of the low-density striations (see
Fig. 4). Figure 3b further illustrates that the low-density stria-
tions are roughly parallel to the B-field polarization vectors and
perpendicular to the B211 filament.

3.2. Density and temperature structure of the B211 filament

Using the original column density and temperature maps derived
from the Herschel data (see Appendix A), we produced radial
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Fig. 6. CO emission observed toward and around the B211 filament
(Goldsmith et al. 2008). Redshifted 12CO(1–0) emission integrated
from VLSR = 6.6 km s�1 to VLSR = 7.4 km s�1 is displayed in red
and mostly seen to the north-east of the B211 filament. Blueshifted
12CO(1–0) emission integrated from VLSR = 4.2 km s�1 to VLSR =
5.5 km s�1 is displayed in blue and mostly seen to the south-west of the
filament. The main body of the B211 filament, displayed in green, corre-
sponds to the 13CO(1–0) emission detected between VLSR = 5.6 km s�1

to VLSR = 6.4 km s�1. Both 12CO(1–0) and 13CO(1–0) maps have a
spectral resolution of ⇠0.2 km s�1.

observational evidence therefore lends some credence to the
view that the B211 filament is radially contracting toward its
long axis, while at the same time accreting additional ambient
material through the striations.
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CO data (left; Goldsmith et al. 2008) 
show gas motions toward the filaments.


H-band polarization vectors (top) show 
that the B-fields are aligned with the 
striations (marked in blue), suggesting 
the B-fields channel the gas into the 
filaments.



magnetic field, while dense star-forming filaments tend to
be perpendicular to the magnetic field (Planck Collab. Int.
XXXII, 2016; Planck Collab. Int. XXXV, 2016), a trend also
seen in optical and near-IR polarization observations
(Chapman et al., 2011; Palmeirim et al., 2013; Panopoulou
et al., 2016; Soler et al., 2016). This trend has been
quantified by the Planck Collaboration using the Histogram
of Relative Orientations (HRO) and the unprecedented
statistics provided by Planck dust polarization observa-
tions in nearby molecular clouds (Planck Collab. Int. XXXV,
2016). The HRO (Soler et al., 2013) is a statistical tool
that measures the relative orientation between the plane-
of-sky magnetic field B? and the local column density
gradient. Using this technique, Soler et al. (2013) were able
to show that a switch occurs at log10 NH=cm!2

! "
¼

21:9#0:2 between filamentary structures preferentially
parallel to the magnetic field (low NH) and filamentary
structures preferentially perpendicular to the magnetic
field (high NH). Expressed in terms of H2 column densities,
and taking into account the fact that Planck underesti-
mates the central column density of narrow $ 0.1 pc
filaments due to beam dilution, the switch occurs at
NH2
% 7&1021cm!2, which corresponds to the critical mass

per unit length for 10 K gas filaments of $ 0.1 pc width.
There is also a hint from Planck polarization observa-

tions of the nearest clouds that the direction of the
magnetic field may change within dense filaments from
nearly perpendicular in the ambient cloud to more parallel
in the filament interior (Planck Collab. Int. XXXIII, 2016).

All of these findings suggest that magnetic fields play a
crucial role in the formation and evolution of star-forming
filaments. In particular, they support the view that dense
filaments form by accumulation of interstellar matter
along field lines. Comparison with MHD simulations of
molecular cloud evolution also shows that the Planck
results are only consistent with models in which the
turbulence is sub-Alfvénic or at most Alfvénic (Planck

Collab. Int. XXXV, 2016). Note that a similar conclusion
had been reached by Li et al. (2009) based on a comparison
of the magnetic field orientation inferred on large ($ 10–
100 pc) scales by optical polarimetry with the magnetic
field orientation inferred on small (<< 1 pc) scales by
ground-based submillimeter polarimetry.

The low resolution of Planck polarization data (50–100 at
best or 0.2–0.4 pc in nearby clouds) is however insufficient
to probe the organization of field lines in the $ 0.1 pc
interior of filaments. Consequently, the detailed role of
magnetic fields in the evolution of star-forming filaments
and their fragmentation into prestellar cores remains a key
open issue for the future.

7. Conclusions and prospects

The observational results discussed in this paper are
quite encouraging as they point to a unified picture for star
formation in the molecular clouds of galaxies. They suggest
that both the IMF (see Section 3) and the star formation
efficiency in dense molecular gas (André et al., 2014;
Shimajiri et al., 2017) are largely set by the ‘‘microphysics’’
of core formation along filaments. Many open issues
remain, however, especially concerning the detailed role of
magnetic fields (see Section 6). High-resolution, high-
dynamic range dust polarization observations at far-IR/
submillimeter wavelengths with future space observato-
ries (possibly SPICA) should be able to test the hypothesis,
tentatively suggested by Planck polarization results, that
the B field becomes nearly parallel to the long axis of star-
forming filaments in their dense interiors on sca-
les < 0.1 pc, due to, e.g., gravitational compression. Should
this prove to be the case, it could explain both how dense
filaments maintain a roughly constant $ 0.1 pc width
while evolving and why the observed core spacing along
filaments is significantly shorter than the characteristic
fragmentation scale of 4& the filament diameter expected
in the case of non-magnetized nearly isothermal gas
cylinders (see Section 2.2). This would have profound
implications for our understanding of core and star
formation in the Universe.
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Fig. 11. Magnetic field and column density map of the Taurus molecular
cloud as measured by Planck (adapted from Planck Collab. Int. XXXV,
2016). The color scale represents column density. The superimposed
drapery pattern traces the magnetic field orientation projected on the
plane-of-the-sky, as inferred from Planck polarization data at 850 mm.
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This is also seen in the Planck data
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0.1 pc

SOFIA 15"

15’

SOFIA/HAWC+ is the next step…
It bridges the gap in spatial scale between Planck and ALMA
HAWC+ can do large-area polarization mapping, ALMA cannot



The influence of B-fields on star formation is likely so 
complex and varied that a focus on a few filaments, or even 
one molecular cloud, might not suffice to tease out the 
subtleties of its role.

A large-area polarization survey of the Galactic plane by 
SOFIA would leave a lasting legacy (and might finally 
settle more than 60 years of conjecture about the role of 
B-fields).

0.1 pc

SOFIA 15"

15’



Abundance Gradients Across the Galaxy 



Motivation…

• The present distribution of chemical abundances in the 
Galactic plane is a function of many variables:

–  The historical star formation rate
–  The initial mass function and the relative yield of 

       elements
–  The infall of material from the Galactic halo
–  Radial inflows or outflows of gas

• By comparing the distribution of Galactic abundances to 
those in other galaxies, we can infer the morphology and 
other properties of our Galaxy.

• Improved models of the time evolution of the abundances 
in our Galaxy allows us to better understand high-redshift 
galaxies early in their evolution.
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The infrared is home to several diagnostic fine-structure lines



The advantages of infrared fine-structure diagnostics

–  IR fine-structure less are less sensitive to Te than 

    optical and UV lines
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Fig. 3.—The ratio of [O m] 88 and 52 jttm emissivities is 
plotted as a function of electron temperature and electron density. 
Given a ratio of [O m] line fluxes, this figure yields an electron 
density that is insensitive to electron temperature. The electron 
densities in Table 2 were derived from this figure using the fluxes 
in Table 1. 

[N in]/[o m] 

log Ne (cm"'*) 
Fig. 4.—The ratios of [O m] and [N m] emissivities are plotted 

as a function of electron density and electron temperature. The two 
sets of curves correspond to the two ratios 57/88 and 57/52, and 
the curves connect to the appropriate ordinate. This figure is used 
in conjunction with Figure 3 to derive line emissivity ratios that are 
appropriate for a given nebula, and these ratios have been used to 
derive the N++/0++ values given in Table 2. 
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assume throughout this paper that the hues are optically 
thin, an assumption which will be justified in § IV. 

It can be seen from Figure 3 that the ratio of the two 
oxygen lines can be used to measure the electron density 
in the line-emitting region, as done by Watson et al 
(1981) and Moorwood étal (1980). The electron densi- 
ties derived from the present data for the H n regions 
considered here are in the range 103 to 2X l04 cm-3 

(see Table 2). In the high density limit ne> the 
population of the upper level of each transition ap- 
proaches a value appropriate to its statistical weight, 
and £ oc ni, where e is the volume emissivity (energy per 
unit volume per unit time), and nl is the ion density. 
This can be contrasted with the case ne< ncrii, & condi- 
tion which is appropriate for hydrogen and for the 
higher-lying 1D2 and % levels of 0++. In this low 
density limit, t<x n2

e. Because of these depen- 
dences, values of N++/FI+ and 0++/¥L+ derived from 
the ratio of far-infrared measurements to the radio 
continuum emission are sensitive to the assumed elec- 
tron density. However, N++/0++ should be measurable 
with high accuracy in either density regime. While the 
individual emissivities of these fine-structure hues change 
by many orders of magnitude over the relevant range of 
electron densities (cf. Simpson 1975), the ratio of the 
emissivity of the [N m] line to that of either of the 
[O in] lines changes by at most a factor of 3 (see Fig. 4). 
Given measurements of [N m] and either [O in] line, 
even in the absence of any information about nebular 
temperature and density, N++/0++ Can be determined 
to within a factor of 2. Coincidentally, the precision 
with which this can be done is nearly the same for both 
1(51 jtim)//(52 /im) and 1(51 /im)//(88 /¿m), although 
the ratio with the 52 jam line might be preferred because 
it is the brighter of the two oxygen Unes for most 
nebulae. Also, conversion from an equivalent width 
ratio to Une flux ratio is nearly unity for Unes that are so 
close together in wavelength, because the effect of dif- 
ferential extinction is negUgible. 

The accuracy with which N++/0++ is determined is 
further improved, of course, by observing both oxygen 
Unes and deriving an electron density from their ratio 
(see Fig. 3). This electron density, often larger than the 
nebular rms density because of clumping, is appropriate 
for the [N in]- and [O iii]-emitting regions, which will 
occupy a similar volume because of the similarity of 
their ionization potentials. The similarity in the emitting 
volume and in the critical densities for these Unes makes 
the derived values of N++/0++ fairly insensitive to 
nebular inhomogeneities. 

6 ) N++/0as an Indicator of N/O 
Our expectation that N++/0++ ~ N/O is based on 

the models of Grandi and Hawley (1978) and Grandi 
(1975), which suggest that the ionization of N and O 
track each other over a large range in stellar effective 
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Fig. 3.—The ratio of [O m] 88 and 52 jttm emissivities is 
plotted as a function of electron temperature and electron density. 
Given a ratio of [O m] line fluxes, this figure yields an electron 
density that is insensitive to electron temperature. The electron 
densities in Table 2 were derived from this figure using the fluxes 
in Table 1. 

[N in]/[o m] 

log Ne (cm"'*) 
Fig. 4.—The ratios of [O m] and [N m] emissivities are plotted 

as a function of electron density and electron temperature. The two 
sets of curves correspond to the two ratios 57/88 and 57/52, and 
the curves connect to the appropriate ordinate. This figure is used 
in conjunction with Figure 3 to derive line emissivity ratios that are 
appropriate for a given nebula, and these ratios have been used to 
derive the N++/0++ values given in Table 2. 

621 

assume throughout this paper that the hues are optically 
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This can be contrasted with the case ne< ncrii, & condi- 
tion which is appropriate for hydrogen and for the 
higher-lying 1D2 and % levels of 0++. In this low 
density limit, t<x n2

e. Because of these depen- 
dences, values of N++/FI+ and 0++/¥L+ derived from 
the ratio of far-infrared measurements to the radio 
continuum emission are sensitive to the assumed elec- 
tron density. However, N++/0++ should be measurable 
with high accuracy in either density regime. While the 
individual emissivities of these fine-structure hues change 
by many orders of magnitude over the relevant range of 
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occupy a similar volume because of the similarity of 
their ionization potentials. The similarity in the emitting 
volume and in the critical densities for these Unes makes 
the derived values of N++/0++ fairly insensitive to 
nebular inhomogeneities. 
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Our expectation that N++/0++ ~ N/O is based on 
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The advantages of infrared fine-structure diagnostics

–  IR fine-structure less are less sensitive to Te than 

    optical and UV lines

–  Extinction is low or nonexistent in the IR
The Galactic plane can be sampled inward of 5 kpc 
(where optical lines are heavily extinct)

–  S/H and N/H abundances are only weakly dependent 

    on stellar Teff

(Radio continuum observations are used to determine the 
hydrogen column density.)

–  Compact and UC HII regions are a very young component 

    of the ISM, uncontaminated by products of stellar dredge-

    up.
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There has been a historical discrepancy between solar and
interstellar medium abundances that implies that the solar
system has higher metallicity than the local ISM (see review
by Meyer 1989).

Owing to the fundamental advantages of observing a
large sample of sources in IR Ðne-structure lines and radio
continuum, our analysis provides a reliable determination
of Galactic abundances. Particular strengths of our analysis
are as follows :

1. We derive detailed models that simultaneously Ðt all
observed nebular properties ; where appropriate, we gener-
ate core-halo models to determine accurately the hydrogen
column coincident with the IR line emission region.

2. IR Ðne-structure lines are less sensitive to thanT
eoptical and UV lines.

3. Extinction is low or nonexistent in the IR.
4. High-resolution radio continuum images are used to

determine the hydrogen column.
5. Our derived S/H and N/H depend only weakly on T

eff
.

6. The Galactic plane is well sampled from to 12D
G

\ 0
kpc.

7. Compact and UC H II regions are very young ionized
ISM, uncontaminated by products of dredge-up.

8. The nebulae are compact and generally Ðt within the
KAO beam.

5.1.1. T he N/H Gradient

Our slope of [N/H] as a function of is the same as thatD
Gobserved by et al. ([0.10^ 0.02 kpc~1),Simpson (1995)

within the errors. The largest discrepancies between the
et al. values and ours are in two of theSimpson (1995)

Galactocentric Distance (kpc)
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After Afflerbach, Churchwell, & Werner 1997, ApJ, 478, 190

Data obtained with KAO Cryogenic Grating Spectrometer, R ≤ 6000

A lot of the pioneering work in this field was carried out by
Dan Lester

Harriet Dinerstein

Mike Werner

In the study below, 34 compact and UC HII regions were observed in

[S III] 19 µm, [O III] 52 and 88 µm, and [N III] 57 µm
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Data obtained with KAO Cryogenic Grating Spectrometer, R ≤ 6000

–  8x greater collecting area

–  Higher spectral resolving power instruments 

      (much greater line-to-continuum ratio)

–  Much more sensitive detectors

Which enable the detection of weaker lines and less luminous sources

A modest SOFIA Key Program can improve on these results by 
virtue of its…



In Conclusion…
Just as HST enhanced its science stature with such projects as 
the Hubble Deep Field and the Hubble Constant Key Project, 
SOFIA should allocate the time and resources to enable a few 
programs that will have a lasting impact and will be of interest 
beyond the infrared community.

The examples I’ve presented are by no means exhaustive – they 
may not even appear on your list of things to do – but they can all 
be accomplished with existing or selected instruments, and they 
can be started within the next few years.




