Beauty is in the Eye of the Beholder
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Visualization courtesy American Museum of Natural History, Hayden Planetarium
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Star Formation 101
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Star (& Planet) Formation 201

Circumstellar Disk /| Extrasolar System
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“Islands of Calm in a Turbulent Sea”

Data Used in Constructing Core Profile =~ Data Radial Profile = Model Radial Profile
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But how calm? And how long-lasting!?

Three main views at present...

Competitve
Accretion
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Star (& Planet) Formation 201

Circumstellar Disk Extrasolar System
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Can the “sea” be shut out, or at least ighored!?
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What forces matter most on what scales?
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Changes of Heart, rather than in Physics...
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Theorists’ Kitchens now cooking many
Simulations sophisticated enough to “taste’...
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see Padoan, P, Goodman,A., Draine, B., Juvela, M., Nordlund, A. and Rognvaldsson, O.E. 2001 for polarimetry “tastes™
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Taste Tests

Analytic Ideas

Thursday, April 30, 2009

aste

Tests

Simulations

“Taste Tests”? We frame this project by analogy.
How does a great chef, making a complicated
dish, know if she has created what she originally
intended when she is done cooking? She “tastes.”
She informs her cooking with her extensive
knowledge of food chemistry (analytic theory),
uses all the cooking equipment (simulations) she
has in the kitchen to try to make something edible
and tasty (starforming, and realistic), and then
she uses her senses (observations) to see if what
she made tastes as intended. “Tasting” in cooking
actually encompasses the joint action of many
senses: we propose here a combination of
statistical techniques that we call ‘taste tests.”
The tests will allow us to discerningly decide if
what we sense (observe) and what we can cook
(simulate) might actually be tasty (form stars), and
how (analytic theory) that happens.
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What theorists are used to...

“Three-dimensional visualization of density structure in a turbulent cloud”

Courtesy Eve Ostriker, im Stone & Charles Gammie
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What theorists are used to...

Dimensions: 82500. AU Time: O.yr

T

-1.4 -1.2 -1.0 -0.8 -0.6 04 0.2 0.0
Log Column Density [g/em’] Matthew Bate

Competitive Accretion Model for Star Formation
Bate, Bonnell & Bromm, 2002
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...but, alas, we observers cannot live in that space.

Thursday, April 30, 2009



What can we (observers) offer for tasting!?

Table 2: Reading Nature's Menu This table shows which tools are best for deteriming

Today, mostly:

*maps of Emission, Extinction & Scattering
due to dust
(for column density & temperature)

*maps of radio-frequency spectral lines from gas
(for kinematics & chemistry(!))

B Finiss:
Optically-Revealed roadband Emission

(Proto) Stars Spectra

Astrometry
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The Value of “COMPLETE” Observations: B68

Coordinated Molecular-Probe Line, Extinction &

Thermal Emission Observations of Barnard 68 Radial Density Profile,
This figure highlights the work of Joao Alves and his N T with Critical Bonnor-
collaborators. The top left panel shows a deep VLT image g Ebert Sphere Fit
(Alves, Lada & Lada 2001). The middle top panel shows the 850 NICER e

Mm continuum emission (Visser, Richer & Chandler 2001) from ! Extinction

the dust causing the extinction seen optically. The top right &5 Map

panel highlights the extreme depletion seen at high extinctions
in C'80 emission (Lada et al. 2001). The inset on the bottom
right panel shows the extinction map derived from applying the
NICER method applied to NTT near-infrared observations of
the most extinguished portion of B68. The graph in the bottom
right panel shows the incredible radial-density profile derived
from the NICER extinction map (Alves, Lada & Lada 2001).
Notice that the fit to this profile shows the inner portion of
B68 to be essentially a perfect critical Bonner-Ebert sphere
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“Revealing” Outflows
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C @ j\/\P L ET E _ COordinated Molecular Probe Line Extinction Thermal
Emission Survey of Star-Forming Regions

COMPLETE Collaborators, Paola Caselli (Leeds, UK) Jens Kauffmann (CfA/IIC) Rahul Shetty (CfA) |
2009:
James DiFrancesco (HIA, Canada) Helen Kirk (HIA, Canada) Scott Schnee (Caltech) |
Alyssa A. Goodman (CfA/IIC) . _ _ |
Jonathan Foster (CfA, PhD Student) Di Li (JPL) Mario Tafalla (OAN, Spain) |
Jodo Alves (Calar Alto, Spain) ) o _ _ l
Katherine Guenthner (CfA/Leipzig) Jaime Pineda (CfA, PhD Student) |
Héctor Arce (Yale) . |
Mark Heyer (UMASS/FCRAO) Thomas Robitaille (CfA) |
Michelle Borkin (Harvard SEAS) |
Doug Johnstone (HIA, Canada) Erik Rosolowsky (UBC Okanagan)
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[FYIl: Star Formation Taste Tests Site]
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Versions

Krumholz, Klein, McKee: Collapse of SO LS R

6 Mark Krumbholz

Massive Cores L2t
CADAC ' s

Radiation-Hydrodynamic Simulations of the Collapse
and Fragmentation of Massive Protostellar Cores

nome

Year of Simulation

The Comp o 2006, 2007

The Computati Purpose(s) of Simulation
astrophysical !
only a fraction
and sharing of

The goal is to do a realistic simulation of the collapse and initial
fragmentation phase for massive cores with observed properties, The
simulations include radiation (and compare to a control simulation without

The CADAC is it) to study how radiation feedback affects fragmentation. The primary
’ ~E -~ . Vs
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scientific question was how strongly massive cores fragment.

In a subsequent paper, we post-processed this simulation with a radiative
transfer code to produce detailed predictions for the molecular line emission
of massive protostellar disks. The goal is to predict what ALMA and the EVLA
should see, and suggest how to use such observations to distinguish
between models.
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Radio Spectral-line Observations of Interstellar Clouds

Y
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ﬂ Velocity as a "Fourth" Dimension

Spectral Line Observatlons

Loss of
| dimension

Mountain Range No loss of
information
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Radio Spectral-line Observations of Interstellar Clouds

\ sl '.0'ol . e

=

Radio Spectral-Line Survey

Alves, Lada & Lada 1999
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- C@/\’\P | F1F Perseus ) mm peak (Enoch et al. 2006)
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A “Simple” Example:
Column Density Distributions
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Turbulence theory & simulations generally predict that

Column density “tastes” log-normal(ish) on 10’s of pc scales
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Example: log-normal column density distribution
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Results from MHD simulations
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The (secret)
uncertainties
inherent in
column density

mapping.

Goodman, Pineda & Schnee 2008
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Column Density in Perseus, Measured 3 Ways
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Regional Variations

within Perseus
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“Cloudshine”=Scattered Ambient Starlight

L106 FOSTER & GOODMAN
2006

FiG. 1.—L1448 in false color. Component images have been weighted ac-
cording to their flux in units of MJy sr=*. J is blue, H is green, and K_ is red.
Outflows from young stars glow red, while a small fan-shaped refiection nebula
in the upper right 1s blue-green. Cloudshine, in contrast, 1s shown here as a
muted glow with green edges. Dark features around extended bright objects
(such as the reflecuon nebula) are the result of self-sky subtraction.

Thursday, April 30, 2009

Vol. 636

F1G. 2.—L1451 1n false color. Again, each component image has been scaled
to the same fiux scale in units of MJy sr™'; and J is blue, H is green, and K,
1s red. A smaller map of 1.2 mm dust emission contours from COMPLETE
(M. Tafalla 2006, in preparation) has been overlaid, showing that the color of
cloudshine 1s a tracer of density. Redder regions have high dust continuum
flux, and the edges of cloudshine match the edges of the dust emission. Dark
edges around bright features (particularly noticeable along the northern edges)
are the result of self-sky subtraction.



“Tasting” a Very Simple Recipe

Data: Radial Profile Model: Radial Profile
0.25 1 s TR | 1 0.25 l I r l
0.20 |- <o - 0.20 -
/\ V, . ' & ) A / . .
- 1 N & il LT R '
B Wl R
) / ! S R )
= wry ey i \ e q s 010
A /\ V : e ¥
' \/ ' . — Kdata =
0.05 . , 4 H data = 0.05 Husgnd
[y “ 2 P i — - H mode
) 1.7y e T e J model
0.00 | ) = H L . A 0.00 | | | |
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 Foster &
Fractional Radius Fractional Radius Goodman

2006

Data Used in Constructing Core Profile =~ Data Radial Profle  Model Radial Profile

FiG. 3.—Model of cloudshine in one core as reflected interstellar radiation. The lower left panel shows the roughly circular feature we chose to model as a
sphere. Due to the surrounding structure, only the left half of the circle was used to denive an angle-averaged radial profile. The comparison between this radial
profile and our best-fit model (an 7~ density profile and a total optical depth of 120 mag of visual extinction) is shown in two ways: above as radial flux profiles
i individual bands and in the lower right as a synthetic color-composite 1mage that allows for an overall comparison. Although the fit 1s good, the central region
of the core 1s darker than predicted by the model. Some of this may be due to self-sky subtraction in the image (which causes dark edges around bright features)
and a nonspherical, nonisotropically illuminated core, and some may be due to a failure to adequately model the density structure at the center of the core.
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Theorists doing the Tasting!
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The Taste-lesting Process

Synthetic Data
5 ! " - Simulated *CO
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Value of Dendrograms

Yellow highlighting= “self-gravitating”

“Self-gravitating” here just means oir (=55*R/GMium) < 2
(a la Bertoldi & McKee 1992)

Rosolowsky et al. 2008 (Ap/) &
Goodman et al. 2009 (Nature)
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|-D: points; 2-D closed curves (contours); 3-D surfaces enclosing volumes
see demo at http://aerial.client.fas.harvard.edu/~nessus/dendrostar/
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Taste-Testing Gravity
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State of Affairs, Now

e Thermal support: thermal emission and gas excitation measures of dust
temperature confirm low temperatures, but show significant structure (e.g. Scott
Schnee’s work)

e B-fields: most geometrically relevant at low densities (fluff) and at very high
densities (star+disk), less-so in-between (TAURUS example)

e Turbulence: apparently dominant (morphologically) at ~all scales bigger than
cores...but it must have an energy source. (AGREED.)

e Radiation: You don’t need H Il regions for radiation field to be critical to
chemistry, heating/cooling, etc. Asymmetry may be critical. (See
CLOUDSHINE....see also recent work by Pineda et al. on chemical abundances.)

e Outflows/Winds: Oops! What about stars that are not newborn or

dying...what are all those spherical winds? We think they are 10x more important
than bi-polar flows. (See COMPLETE/3D analysis by Arce, Borkin, et al.)

® Gravity: Can and often does matter at all scales--but not everywhere! Obviously
critical at smallest scales, for collapse. (Taste-Testing with DENDROGRAMY)
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What really matters where...and when?
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http://www.cfa.harvard.edu/~agoodman/tastetests/
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More to Taste in the Future...
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Table 1
Core Axis Ratio b /a Minimum, Median, and Mean and Median Core Sizes
All Starless Protostellar
o* D,b D¢ U4 U© 0 D, D, U, U, 0 D, D, U, U
b 3 2 i 2 3
Neores 393 161 152 78 66 286 114 103 45 50 107 47 49 33 16
1N b [} 4 [} [ [ b [ ) [ { [ ) [ ) i > [ ) E [) - [ ) [ | & [ | * 1) A
0. 0.65 . 1 . 0.68 0.57 . 0.79
0

0 . . . . 0.58 0.57

4 lm U ) 0 %10 > A . als O =10 L A S L4 DO & a
Median bm)f 64 48 48 52 56 64 54 48 48 56 76 48 48 52 48
Notes.

4 Observed Orion molecular cloud cores (NWT).
b Driven turbulence simulation at 11g.

¢ Driven turbulence simulation at %Iﬂ‘.

d Undriven turbulence simulation at 1.

€ Undriven turbulence simulation at :l,"lﬁ’.

f Median projected semi-major (a) and semi-minor (b) size in units of 100 AU. n Ot ta Sty
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What stars form from what gas, when... and where do they go?

Radial Velocity Study of Orion (Furesz et al. 2008)
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Velocity

Gradients

Schnee et al. 2007
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lines + dust continuum constrain
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Starting-point

_ 3 -
abundances can vary g
significantly (X 2) on :

large scales...ask Paola
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Perseus Outflows

Initial results: < 8 known outflows extended
32 new potential outflows
« 9 potential new shells
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Powerful(!) Shells in Perseus

Borkin, Arce & Goodman 2008
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Spitzer (MIPS) View

c2d MIPS (24pm) maps of Perseus
Rebull et al. 2007
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Preliminary Numbers say
Shells are Much MORE Important than Outflows

Table 2. Perseus Cloud Properties

Mass Momentum Kinetic Energy

(Mg) (Mg km s™1) (1012 ergs)
Perseus (Global) 11,050 e e
All Shells 608 908.24 31,713.43
All Outflows 34.33 79.83 2,373.32
Outflows (New) 17.58 33.44 T708.97
Outflows (Known) 14.99 42.24 1,535.98
Outflows (New Extensions) 1.76 4.15 128.37
Note. Thus outflows comprise 0.31% of the total mass in Perseus, shells

comprise 5.5% of the total mass in Perseus, and shells are injecting ~11 times
the momentum and ~13 times the energy that outflows are injecting into the
cloud.

Borkin, Arce, & Goodman 2008 in prep
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