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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 Me.

2) We want to know the timescale for planet formation,
which we believe is tied to the gas dissipation timescale.

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

Problem #1:

Ho is the dominant gas-phase species in disks, but its high
1st excited state, Eu/k (H2, J=2-0), is 510 K above the ground
state, makes Hz a very poor emitter within Tg4as < 100 K.



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

Problem #2:

Usually, we observe CO as a proxy for Hz2 (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.

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.



The solution lies in observing HD in the far-infrared
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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.



The solution lies in observing HD in the far-infrared

HD
1000 |—
g _
= _
>\. T
1))
5 500
=
m T
i 128 K
J=1
 112.07 ]/tmi
0L J=0

H, Para H, Ortho
1015 K J=3
510 K 17.04 ym
=2
28.22 um
Y =1
=0

HD’s lower energy above the ground state, Eu/k, makes it
more readily excited in cold gas than Ho.
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Atmospheric transmission around the HD J=1-0 line
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Water content of disks...
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Water content of disks...

106 of 107 H-0 transitions with Eu./k < 1000 K

ie between 25 pm and 1Tmm

|
B 1,000k [ 750K

25

20

15 (=

10 |y

Number of HQO Transitions

1 25 50 75 100 125 150 175 200 300 600 1mm 2mm
to to to to to to to to to to to to to
25 50 75 100 125 150 175 200 300 600 1000 2mm 10mm

Wavelength Bins (microns)

Unfortunately, not all of these transitions are observable by SOFIA
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Selected by NASA, September 7, 2016

Harvey Moseley GSFC Pl
Alexander Kutyrev GSFC Deputy Pl
Ted Bergin UMichigan

Gordon Bjoraker GSFC

Gary Melnick CfA

Stafanie Milam GSFC

David Neufeld JHU

Klaus Pontoppidan STScl

Aki Roberge GSFC

Gordon Stacey Cornell

Dan Watson Rochester

Ed Wollack GSFC



* HIRMES will provide low (R~600) to very high (R~100,000)
spectral resolving power over the spectral range 25-122 um.
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* HIRMES combines grating dispersive spectroscopy and Fabry-
Perot tunable narrow-band filters with high-efficiency background-

imited 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



Main disk science goals:

Diffusive transport
of water?

Measure the HD line at 112 pm; :
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Main disk science goals:

Diffusive transport
of water?

Measure the HD line at 112 pm; igh spectra
Disk mass + klnematlcs
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Main disk science goals:
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Main disk science goals:

Ice/chk ratlo traced by ice.emission
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Diffusive transport
of water?

Measure the HD line at 112 pm;
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Polarization Studies of Star Formation

Planck polarization map of the sky



1956 MNRAS, 116, 503

Unless the effects of B-fields are reduced
(by reduced fractional ionization),
B-fields inhibit star formation
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2.3.2 MAGNETIC SUPPORT AND ALFVENIC TURBULENCE Since, unlike tur-
bulence, magnetic fields have the virtue that they are not easily dissipated,
they deserve consideration as the major agent for molecular cloud support.
Their longevity makes them a natural candidate as a resilient obstacle to
rapid star formation.

2.3.3 MAGNETIC BRAKING The generation of (torsional) Alfven waves
may also explain the small values of the angular velocity Q commonly
deduced for molecular clouds (see below).

The process of magnetic braking of cloud cores by their envelopes
is important because it produces a potential reservoir of low-angular-

momentum material for the formation of stars, planets, and binary systems.

...30 years later

B-fields inhibit star formation

B-fields foster star formation



2007 ...20 years later
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turbulence
Copyright (©) 2007 by Annual Reviews.
All rights reserved Abstract
0066-4146/07/0922-0565520.00 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

The key dynamical processes involved
in star formation—turbulence, magnetic fields, and self-gravity—
are highly nonlinear and multidimensional.

Unfortunately, for the case of strong compressibility (¢, <« v) and moderate
or strong magnetic fields (¢, < vs < 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.

This problem is really hard. B-fields may help, they may hurt.
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7. CONCLUSION
7.2  OQutstanding Problems

| Indeed, if
magnetic fields and ambipolar diffusion control the process, then in some
sense theorists may be ahead of observers on this problem.

... thus laying down the gauntlet for observers.



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

Take note of the filaments

After Andre et al. 2010; Miville-Deschenes et al. 2010.



Filaments appear to be preferred sites of star formation
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Filaments appear to be preferred sites of star formation

Polaris Flare

Men’shchivov et al. (2010)

More than 300 starless cores are found, most lie in filaments
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This Is also seen in the Planck data
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SOFIA/HAWC+ is the next step...
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SOFIA/HAWC+ is the next step...
It bridges the gap in spatial scale between Planck and ALMA
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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

---------------------------

SOFIA 15" |

Herschel ~
250 um




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).
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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.



The infrared is home to several diagnostic fine-structure lines
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The advantages of infrared fine-structure diagnostics

— |R fine-structure less are less sensitive to T¢ than
optical and UV lines
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The advantages of infrared fine-structure diagnostics

— |R fine-structure less are less sensitive to T¢ 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 Tef

— Compact and UC HIl regions are a very young component
of the ISM, uncontaminated by products of stellar dredge-

up.

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



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 HIl regions were observed in
[S ] 19 pm, [O 1ll] 52 and 88 um, and [N lll] 57 pm
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A modest SOFIA Key Program can improve on these results by
virtue of its...

— 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

Data obtained with KAO Cryogenic Grating Spectrometer, R < 6000
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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.






