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Comparisons between
Simulations and Observations...
Where we Stand
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Alyssa A. Goodman (et al.!)
Harvard-Smithsonian Center for Astrophysics



What can be done, where, and how!?

Circumstellar Disk

Extrasolar System

Seeking
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“UNRESOLVED” measures

counting statistics -&* & i
* SED modeling N Y =
“RESOLVED” measures

* Dust: Extinction

* Dust: Emission

* Dust: Scattered light

* Dust/gas: Polarization (abs/scatt/em)

* Gas: Detailed p-p(-v) maps/analy5|s

Gas: Zeeman (abs/ em)




“UNRESOLVED” measures

» SED modeling &

“RESOLVED” measures

* Dust: Extinction

* Dust: Emission

* Dust: Scattered light

-



“Review’” will note the work of...

laxy Scale

Rosolowsky et al.
Dobbs et al.

GMC Scale

Lazarian, Pogosyan, et al.

Heyer, Brunt et al.
E. Ostriker, Stone & Gammie

HIl Regions

Jane Arthur et al. (HIl regions)...

Clouds/Cores
94 Rosolowsky et al.
T padoan et al.
Juvela et al.

R. Smith, Bonnell et al.

H. Kirk et al. (including S. Basu)
Cores/Disks

% Offner, Krumholz, et al.

Schnee, Kauffmann, Shetty et al.
Steinacker et al.
J. Foster et al.
J.E. Pineda et al.
Cores/Clusters
" Rundle, Harries, Acreman, Bate
Avyliffe, Bate et al.
Sources

Robitaille et al.

Whitney et al.

..and surely several others!



The “Real” M7/

* o

Hubble image of the Swan Nebula NATIONAL
Photograph courtesy of NASA/STSCI/Jeff Hester, Arizona State University GEOGRAPHIC
£ 2007 Notional Geographic Socety. All rights reserved

HST [Olll], He. and [NIl] emission-line image from Hester et al.


http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/

FANTASTIC! Now we need to “Taste” it... *

Synthetic [Olll], Ho and [NIl] emission-line image from a 5123 numerical simulation: Mellema, Henney, Arthur & Vazquez-Semadeni 2009



What is “Taste-Testing™?

Simulation “Synthetic Observation”

Simulated "*CO
Emission

Simulated Column Density

Radiative

Transfer
(+Chemistry)
Code(s)

Synthetic
Observing
System

E

X
\\ Sample Taste Test

l.(x)b')' ,'e = e o o 1
.

“Forward Modeling™
|

0.10F
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Enabled
Indirectly 3
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Dust: Polarimetry

Synthetic Optical Polarization Map;
Ostriker, Stone & Gammie 2001

0'S
@m Fra 22 Columa domsity (oodor scale, with snits AL) sad sioltod polarisation map for model sapebot B2 (f = Q0L & = 7y, progecied abong =
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Sub-mm “Polarization Holes” caused by poorly aligned grains; Padoan et al. 2001



Dust: Scattered light

...can give exquisite resolution column density maps

Declination (1950)

by

3 A B B e
v "‘1 R Py s S N

12" 427 3000° 41™30° 00" 40™30° 0O
Right Ascension (1950)

First NIR Detection; Lehtinen & Mattila 1996

4.5 micron 8.0 micron
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MIR “Core

b poed

shine’’; Steinacker et al. 2010
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NIR “Cloudshine’’; Foster & Goodman 2006

“Inversion” of Cloudshine: Padoan, Juvela & Pelkonen

2006; Juvela, Pelkonen, Padoan, Mattila 2006



'“Cloudshme B Ll B o o O

(note this lmoge IS used to measure extmctlon too')
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Orion Core Shapes from AMR Simulations

D U St: E m i SS i on (Offner & Krumholz 2009)
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Even the “Column Temperature” is much more uncertain than you would think (even for Herschel)
Shetty, Kauffmann, Schnee, Goodman, Ercolano 2009
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Gas: Detailed p-p(-v) maps/analysis

The Spectral Correlation Function
Need for High Mach Numbers...

Padoan et al. 2003;
cf. Rosolowsky et al. 1999, etc.
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Small Stellar and Core-to-Environment Velocities
Offner, Hansen & Krumholz 2009; cf. Ayliffe et al. 2007;
Rundle et al. 2010; Kirk et al. 2010
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“The Perils of CLUMPFIND” — Any CMF you want?!

Pineda, Rosolowsky & Goodman 2009
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mm peak (Enoch et al. 2006)

. CO®MPLETE Perseus . 0

lew size: 1305 x 733 Q
VL: 63 WW: 127

sub-mm peak (Hatchell
et al. 2005, Kirk et al. 2006)

mid-IR IRAC composite

from c2d data (Foster,
Laakso, Ridge, et al. in prep.)

Optical image (Barnard 1927)
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laste-Test in p-p-v

Simulation Synthetic Data

E ” aad Simulated "*CO

Emission

Simulated Column Density

Radiative
Transfer Synthetic | e

(+Chemistry) } Observing
Code(s) System

Sample Taste Test

Enabled
Indirectly

Fraction of Emission in
Self-Gravitating Structures

[L1448 @ 7
Simulation @ o |

P——

1.0
Scale (pc)

3~
Observed CO
Emission

Observing System

3 pc 2 .

Observed Data

L
'
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TTTTTTT

Conclusion
Dendrogram-based analysis
shows that star formation
takes place in self-
gravitating “cocoons,” and
some of those cocoons are
likely bound to each other.

But, that’s not today’s
point...

Let’s see how the Taste Test
Works, using 3D PDF...

Goodman et al. 2009; cf. Rosolowsky et al. 2008.



Taste-Testing Gravity(?)

ety -
o 1.00¢§ , E
L N
= ‘3 [ |
c |
.<_>§ |
aw |
¥ |
w2010 3
@) *(-é |
5 5 .
'S 8 |
— )
£ Y N |
L = A |
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S| Simulation :
M |
bl PR | ~ AR i W
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Gravity-free HD Simulations from Padoan et al. 2006;
L1448 analysis from Rosolowsky et al. 2008

both lines derived from '3CO “observations”



Matching “Power Spectra™ are not enough... %

T

- Perseus: F=1.81+0.10

Simulation: §=1.83x£0.17

100¢ Br=1.590.91

“Perseus-Matching”
Sample Simulation

from Padoan, Juvela,
Kritsuk & Norman 2006

(Mach 6; Enzo; pure hydro)

P(k)kl.QS

10¢ Bi=

100 10

Note: Padoan et al. 2006 paper was intended to test the VCS method of Lazarian & Pogosyan 2000;
cf. PCA methods of Brunt & Heyer 2002a,b



o (km/s)

1.00|

0.10F

0.01

Caveats/VWorries about p-p-v (bijection)
...and the virial parameter

- 0 PPP;

- O PPV;

oo oo J
| I L L |
OO OO

oll R) ond
R>0.2 pc)
(all R) and
(R>0.2 pc)

“Environs’’

from Shetty, Collins, Kauffmann, Goodman, Rosolowsky & M. Norman 2010;
see also recent work of Dib et al., Ostriker et al., Ballesteros-Paredes et al., Myers, and Smith, Clark & Bonnell



Figure 16. Histogram of velocity difference of all cores (combined
starless and protostellar cores) identified at all time steps (light
grey, o = 0.16 km s~!) and protostellar cores (dark grey, o = 0.18
km s™!). Also plotted are the velocity dispersions for NoH* (dot,
o = 0861 km s™1), C'®0 (dot-dash, & = 0.808 km s~1), **CO
(dash, ¢ = 1.05 km s™1).
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Rundle, Harries,Acreman & Bate 2010
cf.Ayliffe et al. 2007

Watermelons to Apples to Seeds!
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Kirk, Pineda, Johnstone & Goodman 2010;
see also Kirk, Johnstone & Basu 2009



Two Culinary Challenges from Jaime Pineda’s Thesis!

T 0.70 o T A e S e e e LA A S S A

| ose.cor — | V@IFY sharp transition to
coherence in cores.

. 0.58

. - g (Chef Ostriker?)
§ g £
3 & g
0.33
1o R X TR AR bl
N | 000 0.(()).0A - ofs‘ - .1-10. - ‘1f5‘ - .210. o .2-5 PmEda et GI. 20[00
‘ Toosk (K)
.

“First Core”
with an outflow
| & no Spitzer source
ol | cf. Chen,Arce et al. 2010
| | (Chef Machida?)
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&

i 1000 AU
w2zt Qy—

o

Pineda et al. 2010b



Modeling CO Observations from Molecular
Clouds ey

Rahul Shetty' Simon Glover', Cornelis Dullemond”, Ralf Klessen
Institu 11 Theoretische Astrophysik, Univ.of Heidelberg, Max Plank Insttute fir Astronomie

- Probabiliy disiribution functions (PDJ
the k. are

column densities, N,

described as log-normal

 on intrinsic cloud

RMHD simulation of Proto-stellar Collapse

" o

AU/ 1pc = %10

Comparison w/ Barotropic case t the same central densty

Observational Visualizatior
Post processng radiation transfer > “Observation

= farfinter than Vel s
Can we find FCs with ALMAZ

Core

mass estimates in simulated observations

Malinen, M 25 Lunttila

<

=4

ndrea Urbar

Collapsing Cores are not Spherically Symmetric
Rowan J. Smith!, Simon Glover', lan Bonnell?, Paul C Clark’, Ralf Klessen' 14

2000, ity
vicoss ox

lonization of He Il by stars - the properties of extreme star forming galaxies in SDSS

Contribution of stars to the nebular He Il emission line.

ar He i

Model prediction for nebular He Il emission line

The Implications for cosmic He Il reionization

The Effect of Dust-Gas Energetics on
Clustered Star Formatior

wER

A Synthetic 21-cm Galactic Plane
Survey of an SPH Galaxy

David Acreman, Kevin Douglas, Clare Dobbs, Chris Brunt
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Summary

Molecular column densities in DRZ1(OH)

The ubiquity of lognormal column

density distributions’
A Un

1

A. Christic?, . L. Pineda?,
T. Ch. Mouschovias’, H. W. Yorke?, H. Martelt

Observational Motivation

(3) What if we consider a completely analytic model cloud?
et’s try a Bonner-Ebert sphere.

K-RAY EMISSION AND DYNAMIC

5 OF MA

EAVANAY
: 1

YSO Jets — MHD 2D Simulations and
Synthetic Observations

=

Ovidiu Tegileanu’, Sitvano Massaglia, Matthias Stute?, Andrea Mignone®
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Conclusions
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The ubiquity of lognormal column

density distributions!

A. Urban?, K.Tassis?, D. A. Christie?, J. L. Pineda?,
T. Ch. Mouschovias?®, H. W. Yorke?, H. Martel*

! Based on the paper Tassis, K. et al. 2010 2 Jet Propulsion Laboratory, California Institute of Technology, 3 University of Illinois at Urbana-Champaign, * Université Laval

Diner Beware!?

“lognormals” from many

non-turbulent “recipes”
(Andrea Urban’s Poster)

Molecular clouds have long been assumed to be supersonically Observational Motivation
turbulent due to their large line-widths. Simulations of turbulent
molecular clouds routinely produce lognormal column density
distributions. This feature has also been seen in molecular clouds.
We investigate the nature of column density distributions for non- . . L
turbulent dominated simulations and simple analytic model clouds. to study their column density o] ’ N
We question the uniqueness of supersonic turbulence as the origin of observed distributions. They found them to be \

lognormal column density distributions in molecular clouds. lognormal. Similar results were also e L i

found by Goodman et al. (2009). /A T A2l
Theoretical justifications ‘“Active” Clouds

RN

Taur:

Recently Kainulainen et al. 2009 (see
figures) used near infrared extinction
maps of 23 molecular cloud complexes

“Quiescent” Clouds
= T

The three cases we investigate are:
(1) amolecular cloud core evolving under the influence of self-
gravity with thermal energetics,

for lognormal distributions
center around the idea of
supersonic turbulence
(McKee & Ostriker 2007).

(2) amagnetically supported molecular cloud with subsonic
turbulence evolving due to ambipolar diffusion, and
(3) an analytic Bonnor-Ebert-type sphere.

(2) What about magnetic fields?
Column Density (cm™?)

| _____ VNN

(1) Let gravity dominate...

Column Density (cm™)

U

<-SPH simulation with sink particles & <-MHD simulation using Zeus MP

J

1LE+21 16422 16423

particle-splitting. Includes stellar non-
ionizing radiative feedback with dust-gas
collisional heating, molecular cooling, and
cosmic-ray heating (Urban et al. 2010).
<-Box with periodic boundary conditions.
Volume=1pc® and M = 670 Mg.

<Initial conditions: small density
perturbations with P(k) a k2.

16424 16421 16422 16423 1E+24

1.0
05
0.0
-05
-1.0

with ambipolar diffusion (Christie &
Mouschovias 2010) .

<~Subsonic motions.

<{Box is 8 pc x 8 pc x 2 pc. MHD
reflective boundary conditions.

¥ (pe)

<-Magnetic field is along the direction
of the short axis with an initial strength
of 16.3 uG.

-10 -05 00 05 1.0

<Initial density =10* em™. N :<N> N <Initial mass-to-flux ratio at center is
) <-Sink formation at 107 cm™ . L S I S 10 0.9 x collapse critical value. Initial
! ’ <4Sink radius = 150AU. N 0 ” AR cloud has subsonic velocity dispersion.
| dl <-Simulation stopped at 2.4 t;, when a H o i <>Fnitial d(}nsity =300 cm* within
i "‘I‘ ‘ i sink particle reaches 20Mg. £ o i cylinder with R=2 pc. Isothermal.
‘ 1 ”m’ H‘”H“ (see poster by Urban, Martel, & Evans for 109 I ; < Simulation stops when density
T I ‘m h“‘ I more details.) T reaches 5 x10° em™
" 10t 10 107 10"
{c N {em™} N (em™)
1.00F 2 o + b + ¢ . . .
wilhs M 1IN (3) What if we consider a completely analytic model cloud?
Il k]
> .
3 . | /{ Lo Density () Let’s try a Bonner-Ebert sphere.
S 3 £
o { : 0.001 0.010 J00 1.000 Spherical, isothermal cloud with Bonnor-Ebert-like profile
= o P > P >
o 0.10F 4+ 4 100 i.e., flat inner region and power-law profile in outer regions.
o . p . Analytic smooth density profile with no density perturbations.
= . Typical distribution - " . - e " . . e " . . . o
P \ Lool a Lo | e ] Conclusions
- N All three of the cases presented are radically
\ - 0 ‘ g different from each other in many respects, yet
. g .
- 3 they all produce a lognormal column density
0.01 t t \' + e t t t HE z; 0.10¢ 7 3 3 distribution, as well as a power law tail at late
—50 P \ times. Therefore, observed lognormal column
1.00 ¢+ A1 q El P € T 3 f Banclsaia \ \ ’-P rd,i h density distributions are not evidence of
"l N H FI[ -100 0.01 ! L supersonic turbulence-dominated clouds, but
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Column Density in Perseus, Measured 3 Ways
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