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Radio Spectral-line Observations of Interstellar Clouds
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The Superstore:
Learning More from “Too Much Data”
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A Free Sample
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Data: Hartmann & Burton 1999; Figure: Ballesteros-Paredes, Vazquez-Semadeni & Goodman 2001




The “Good” Old Days

- Low Observational
Resolution

[1 Models of

spherical, Smooth,
Long-lasting
“Cloud”
Structures

And more “structure” came from fragmentation




The New Age

High(er) Observational
Resolution (at many
A’S)

[1 Highly irregular

structures, many of
which are “transient”
on long time scales

NGC 3603 HST - WFPC2
PRC99-20 » STScl OPO + June 1, 1999

Walfgang Brandner (JPL/IPAC), Eva K. Grebel (Univ. Washington),
You-Hua Chu (Univ. lllinois, Urbana-Champaign) and NASA



So, are numerical simulations
physically illuminating in this
New Age?

If so, in what way(s)?

How might simulations be
improved (i.e. to better match
observations)?




Numerical MHD:
The State of
the Art 25
Years Ago

Two-dimensional “CEL”
code

10’s of hours of CPU time
Only possible to run 1 case
Grid size ~96 x 188 (~1282)

Heating & cooling treated

R-T and K-H Instabilities
traced well
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Star-formation “triggered” by a spiral-
density wave shock. (Woodward 1976)




Woodward’s
Conclusions

(1976)

V. OBSERVATIONAL IMPLICATIONS

Although detailed comparisons of the computed
example with specific objects will be reserved for a
later paper, we will give a brief summary here of the
general features of the cloud implosion mechanism
which bear on observations of dense interstellar
clouds. Those observations quite naturally tend to
favor the more massive and more exotic objects, which
would require the case computed here to be scaled up
considerably in mass, by perhaps a factor 10 or 20.
The features of the model most important for observa-
tinns are as follows:

1. Stars are formed in small high-density regions
within much more massive and extended clouds.

2. The extended region ol dense cloud gas produced,
which is visible in CO emission, has a general slab
geometry, so that a straightforward mass estimate
can easily yield far too large a number.,

3. Young stars and H 1 regions appear to be
located on the outsides of dense gas clouds.

4. The newly formed stars and the associated dense
gas have systematic noncircular velocities which de-
pend upon their location in the Galaxy.

5. Dense gas which onginally surrounds the newly
formed stars but which cannot collapse gravitationally
15 eventually swept away by external forces.

6. Ordered motions not associated with gravita-
tional collapse are set up in the dense cloud material
which result in supersonic broadening of CO lines.




Y2K MHD

Stone, Gammie & Ostriker 1999

B= T - 3
[ni, 1200em[B/ 141G

eDriven Turbulence; M- K; no gravity

eColors: log density

«Computational volume: 2563

eDark blue lines: B-field

*Red : isosurface of passive contaminant
after saturation
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ﬂ Velocity is the Observer’s "Fourth” Dimension

Mountain Range

Spectral Line Observations

No loss of
information




Statistical Tools

e Can no longer examine “large” spectral-line maps
or simulations “by-eye”

Need powerful, discriminatory tools to quantify
and intercompare data sets

Previous attempts are numerous: ACF, Structure
Functions, Structure Trees, Clumpfinding,
Wavelets, PCA, A-variance, Line parameter

histograms

Most previous attempts discard or
compress either position or ‘

velocity information




1997 Goals of the
“Spectral Correlation Function”
Project

v Develop “sharp tool” for statistical analysis of ISM, using as
much data of a data cube as possible

Compare information from this tool with other statistical tools
applied to same cubes

Incorporate continuum information

Use best suite of tools to compare “real” & “simulated” ISM
v Adjust simulations to match, understanding physical inputs
v' Develop a (better) prescription for finding star-forming gas




The Spectral Correlation Function

e v.1.0 Simply measures similarity of

neighboring spectra (rosolowsky, Goodman, Wilner &
Williams 1999)

- S/N equalized, observational/theoretical comparisons show
discriminatory power

o After explaining v.1.0, I’'ll show:

- v.2.0 Measures spectral similarity as a function of
spatial scale

- Applications




How SCF v.1.0 Works

e Measures
similarity of
neighboring
spectra within a
specified “beam”

size

- lag & scaling
adjustable

- signal-to-noise
accounted for

See: Rosolowsky, Goodman, Wilner & Williams 1999;
Ballesteros-Paredes, Vazquez-Semadeni & Goodman 2001




Antenna Terﬁper ature Map

Application
greyscale: T,=0.0410 0. 3 K | | of the

x (pixals)

“Raw” SCF Map - “Raw” SCF
|
' ‘

Data shown: C*¥0 map of Rosette,
. . courtesy M. Heyer et al.

oSy

Fe=TOW Correlati

scal€ whife=Tow correla

Results: Padoan, Rosolowsky
& Goodman 2001
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Antenna Terﬁper ature Map

greyscale: T,=0.04t0 0. 3K

x (pixals)

“Normalized” SCF Map

|
greyscale: while=low correation; black=high

x (pxelx)

Application
of the SCF

Data shown: C*¥0 map of Rosette,
courtesy M. Heyer et al.

Results. Padoan, Rosolowsky &
Goodman 2001.




SCF Distributions
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Unbound High-Latitude Cloud Self-Gravitating, Star-Forming Region
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Which of these is not like the others?

1.0— Increasing Similarity of Spectrato Neighbors

H Rosette C 180
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The Spectral Correlation Function

e v.1.0 Simply measures similarity of neighboring

spectra (Rosolowsky, Goodman, Wilner & Williams 1999)

- S/N equalized, observational/theoretical comparisons show
discriminatory power

e v.2.0 Measures spectral similarity as a function

of spatial scale (Padoan, Rosolowsky & Goodman 2001)
- Noise normalization technique found
- SCF(lag) even more powerful discriminant

e Applications

- Finding the scale-height of face-on galaxies! (Padoan, Kim,
Goodman & Stavely-Smith 2001)

- Understanding behavior of atomic ISM (e.g. Ballesteros-Paredes,
Vazquez-Semadeni & Goodman 2001)




v.2.0: Scale-Dependence of the SCF

1.

10
Ar [pixel]

Example for “Simulated Data” Padoan, Rosolowsky & Goodman 2001




“A Robust Statistic”

x Heyer et al. (1999)
A O Blitz & Stark (1986)

X
AN
f High-resolution data

g

X

5

Rosette MC, '°CO

XA

A

1 XA A
(E)

O
Low-resolution data, area of high-res map

Ar [pc]

Padoan, Rosolowsky & Goodman 2001




The Spectral Correlation Function

e v.1.0 Simply measures similarity of neighboring spectra
(Rosolowsky, Goodman, Wilner & Williams 1999)
S/N equalized, observational/theoretical comparisons show discriminatory
power

e Vv.2.0 Measures spectral similarity as a function of

spatial scale (Padoan, Rosolowsky & Goodman 2001)

Noise normalization technique found
SCF(lag) even more powerful discriminant

e Applications

- Finding the scale-height of face-on galaxies! (Padoan, Kim,
Goodman & Stavely-Smith 2001)

- Understanding behavior of atomic ISM (e.g. Ballesteros-Paredes,
Vazquez-Semadeni & Goodman 2001)




Galactic Scale Heights from the SCF (v.2.0)
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Padoan, Kim, Goodman & Stavely-Smith 2001




The Behavior of the Atomic ISM
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Data: Hartmann & Burton 1999; Figure: Ballesteros-Paredes, Vazquez-Semadeni & Goodman 2001




Insights into Atomic ISM from SCF (v.1.0)

Comparison with simulations
of Vazquez-Semadeni &
collaborators shows:

- "Thermal Broadening” Of H ) meon= 0.858150 kurtosis= 6.43812

; mean= 0.897879 kurtosis= 5.45281

skweness= —1.62519 min= 0.587024

| Line Profiles can hide [ 200 cemston 008230 o 085117

much of the true velocity | R
Structure . % mean= 0.882685 kurtosis= 4.82621

i desv_std= 0.0422284 max= 0.964732

SCF v.1.0 good at picking o e o o vso
out shock-like structure in

3005 mean= 0.846532 kurtosis= 5.43996

H I mapS (alSO gives '.OW gzoog desv_std= 0.0605784 moax= 0.951177

Correlation tail) ) 100 skweness= —1.45539  min= 0.560109
g.io O.‘2 O.‘A )

See Ballesteros-Paredes, Vazquez-Semadeni &
Goodman 2001.




Revealing Shortcomings of a Simulation

(s9,51) so5n) [+ 1 sy [T “Thermally Broadened,”

/ o very high T

: Velocity histogram, 16
— bins

Velocity histogram, 64
bins

Ballesteros-Paredes, Vazquez-Semadeni & Goodman 2001




From v-histograms, 64 bins

mean= 0.652586
desv_std= 0.0772894
skweness= —0.371582
kurtosis= 2.74541
max== 0.881696
min= 0.379386

mean= 0.656513
desv_std= 0.0712098
skweness= —0.281466
kurtosis= 2.67880
max== 0.876239
min= 0.416633

mean= 0.578293
desv_std= 0.111910
skweness= —0.321717
kurtosis= 2.66676
max== 0.881696
min= 0.155630

mean= 0.592352
desv_std= 0.100137
skweness= —0.243739
kurtosis= 2.61442
max== 0.876239
min= 0.222157

o

0.2

(@]

Insights into Atomic ISM from SCF (v.1.0

mean= 0.897879

desv_std= 0.0320472

skweness= —1.25584

kurtosis= 5.45281

max= 0.964732

min= 0.737267

mean= 0.858150

desv_std= 0.0542356

skweness= —1.62519

kurtosis= 6.43812

max= 0.951177

min= 0.587024

mean= 0.882635

desv_std= 0.0422284

skweness= —1.22045

kurtosis= 4.82621

max= 0.964732

min= 0.687213

mean= 0.846552

desv_std= 0.0605784

skweness= —1.45539

kurtosis= 5.43996

max= 0.951177

min= 0.560109

©
O

0.2

0.4




Insights into Atomic ISM from SCF (v.1.0

Thermally Broadened, very high T

mean= 0.977415

mean= 0.897879

desv_std= 0.0320472

skweness= —1.25584

kurtosis= 5.45281

max= 0.964732

min= 0.737267

mean= 0.858150

desv_std= 0.0542356

skweness= —1.62519

kurtosis= 6.43812

max= 0.951177

min= 0.587024

mean= 0.882635

desv_std= 0.0422284

skweness= —1.22045

kurtosis= 4.82621

max= 0.964732

min= 0.687213

mean= 0.846552

desv_std= 0.0605784

skweness= —1.45539

kurtosis= 5.43996

max= 0.951177

min= 0.560109

0.2
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Thermally Broadened, equivalent

of much lower T--best match!

mean= 0.883285
desv_std= 0.0531590
skweness= —0.461075
kurtosis= 2.66082
max= 0.986083

min= 0.663773

>

mean= 0.874903
desv_std= 0.0525035
skweness= —0.422645
kurtosis= 2.64563
max= 0.984984

min= 0.670946

=

mean= 0.879259
desv_std= 0.0600933
skweness= —0.795198
kurtosis= 3.48387
max= 0.986083

min= 0.597201

>

mean= 0.871291
desv_std= 0.0586086
skweness= —0.718916
kurtosis= 3.29724
max= 0.984984

min= 0.614357

o

0.2
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Insights into Atomic ISM from SCF (v.1.0

mean= 0.897879

desv_std= 0.0320472

skweness= —1.25584

kurtosis= 5.45281

max= 0.964732

min= 0.737267

mean= 0.858150

desv_std= 0.0542356

skweness= —1.62519

kurtosis= 6.43812

max= 0.951177

min= 0.587024

mean= 0.882635

desv_std= 0.0422284

skweness= —1.22045

kurtosis= 4.82621

max= 0.964732

min= 0.687213

mean= 0.846552

desv_std= 0.0605784

skweness= —1.45539

kurtosis= 5.43996

max= 0.951177

min= 0.560109
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A Success of the SCF

Sample spectra
after velocity
scale expanded x6
(to mimic lower
temperature, and
give more
importance to
“turbulence” in
determining line
shape)

—20 0 20 —20 0 20 —20 0 20
velocity [km/sec] velocity [km/sec] velocity [km/sec]

Ballesteros-Paredes, Vazquez-Semadeni & Goodman 2001




The Spectral Correlation Function

e v.1.0 Simply measures similarity of neighboring

spectra (Rosolowsky, Goodman, Wilner & Williams 1999)

- S/N equalized, observational/theoretical comparisons show
discriminatory power

e v.2.0 Measures spectral similarity as a function

of spatial scale (Padoan, Rosolowsky & Goodman 2001)

- Noise normalization technique found
- SCF(lag) even more powerful discriminant

e Applications

- Finding the scale-height of face-on galaxies! (Padoan, Kim,
Goodman & Stavely-Smith 2001)

- Understanding behavior of atomic ISM (e.g. Ballesteros-Paredes,
Vazquez-Semadeni & Goodman 2001)




misnaity [E (km ™'

How about
applying the
SCF to the
ionized ISM?

-
E
]
%
=
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WHAM Results from Haffner, Reynolds & Tufte 1999




What good are they anyway??
(In case you’re still not
convinced:)

« MHD Simulations’ illumination of observed
emission polarization maps

« MHD Simulations & the IMF (ask me later)




SCUBA Polarimetry of Dense Cores & Globules

Polarization drops with sub-
mm flux (similar to p
decreasing with A)

Does polarization map give
true field structure?

Plots and data from Henning, Wolf, Launhart & Waters 2001




L00Z UOSSP)DAUSQY ‘pun)pJoN‘D)aAn ‘aulbdq ‘ubwpoor) ‘Ubopbd

/4 - ——— = 0N s s s = SSARNNNNNNN NN NANN

/ NN\
B/ /- - ————- - v - -~ o SOOI
ALY
\\\\\l\\l///l R e ////////
\\\\\\\//////,‘\\\\\\\//// //////// \
Va7 e AN NN P~ O ) N NN N N \
/SN s SN O RO
c —— N\ N\ - s TN
—— N\ \N\NN\N— S — -~~~ ~ SN N NN NN N NN ————
- ~\\\N"\"{—m——— . - - - - ~ I////////////I\\.l
—_— N N NN - N — i —=——=———=—— N N~ ~ ~ ~ N NNN N NN NSNNSNNNN -
O e e et N N N N N L R N
R N N N N N NN NN NG N N O R N
FNONONONONONONIONRIOIOOSIONIONONONNONNNNN
///////////////////
N OO0
,,,//////////

/
////////
NN N N N\
1 I [ N \

1ssion

[ ]
- —-——— "=
. \_.
/
/7 7 7
N NN~ —— " N\ -
N~—~—— 1 \ \

— / / 7/

' ////
I//////

R P PO

e/
—_——v [/ 7 /

NN -~ — =

||
i

\
A
N\
\
\
\
\

d Em

N
\
A
\
N
”
\
\

///77%777///

VNN S N - -
—_————— - — —

N N N SN NN\ -
=\

\//

\

| / ~ ~

- ——
\\\\\\\ TN
| - .__s\\\\\\\\\\\\\.l\\\\\\
\ BEdr e il -/
/ [
|
\

//\\\\\\\\\\\\—\F\\

1Z€

e Sy
e ——— A~~~ ~— - /| \\\ SN\ N !
| - - e —— \VVQQ““‘ /hhhﬁ[/l/_\\\\//,_/
\' ¢+ om0\ S/ -
NNSNNA\~ - -~ S NN
/////////l/lIIA&AA&“NNNXX\I//////// = - ~
|1//////Il\/ll\\X&NNNNNVS\V/////////Y]\\\..
o //l’\\‘/\\\\\\\\\\\\\f////////{l\ :
| NN s S & & S L O
\/l.//,\NNNNYYrY///////YYI.
N ~~\ 1 _~~2—~—=——— - -~~~ N\ N\
N N\ /e =~ N\ N\ N~
~ s ~ NN\ \N/m—=———- ~ " "\ \ -~
~ - 0 - =N\X\\~—>""r - -

/
7
7~
7
s
s
e
7
Ve
/
/
/
|
\
\
AN

-7 7 /0

///_._\_./._—\\r—/’_—/// /

vl
(g - -

~——~ \

-
°
O
all
O
Q
+J
<

Simu
3-D simulation

esUper-sonic
eself-gravitating

ssuper-Alfvénic




L00Z UOSSP)DAUSQY ‘pun)pJoN‘D)aAn ‘aulbdq ‘ubwpoor) ‘Ubopbd

s~ ——— = S s s S S SEARNONONANL L L NNN

. ﬁ///////////
-\\II/-, \ .\\// ////////
‘\\\\\\\///////////
\\\\\\\//////,‘\\\\\‘/////////////
/A SNNNNNNS - NN AN NN
E—— S SN\ A - S S SN NS

B — N NN\ NN~ S — -~~~ ~ SN N N NN N

- ~N\\\N"N———— . - - - T VU U N U N
—_ S N NN - N — == — N N S~ > S S NN NN Y NN NN -

.////////AAAZZyy////////
AN NN N N NN RN N O N
NONONONNNRRIRIOIOIOIONONONONONNNNY
SONNONNNONNONOOONONONNNN
////////////////

//////////

N\
\\
\ \

-’
e

1ssion

/2 -—=~N\\V AN\ \\\XNE: —~—— =8
/ 7 72 2 2 SNNSNNN AN N NN\ N Ne——ag

CL S |

[ ]
Tl

foN =
- 7

N NN —~——— " N\
N~—~—— 1 \ \

— / / 7/

////
,/////
' ///////
R P PPV
—_—— s |/ s /

\
\ NN NN\
\
/

NN = — TS

W
N
N
\
\
\
\

||
W

\
A
A
N
N
”
\
\

¢ e )

L N N
——~—~————— - — —

N —

N N N SN NN\ -

=\

| / ~ ~

\\\\\\&XV\\\\\\\\\\_
e == -/
\nl\\\\\\\\llll’\\\ \/////.s
.\\\\\\XX\\\‘)CO????\\\\\\////__
\\\\\\ e P~~~ N\ | [/~
K[//_\\\NX\V\\\X\»LZ[ALL[[///\\\\\_,,
~—— "\ \\\\N\X\N~-— S - ~ NN NN TNNNN—————
/l///////l//ll\\\\S&NNNNNVI//////// = - =
Il//////Il\//ll\\A&NNNNY:\V////////[Y]‘\\..
- WS S e~ NN NN N \w_
- - - -\ L= NSNS\~ - 2
BN — - ~ N\ _\\\\\\\q’//////////l @ T
N . — N e < NN NS N I
,ﬁV//l// //\\VVVVVV\II///////,:/,
S /77— \N\\ N -~ NS\ \N/e—m—eme——— - s~ v N\ -
==~ N\ \ v~ 00 o —NN\\\~ \\\.ll/////////,A/
o ——— 1\ v———— <~ NN\ L A=~ v
IR WA Y

/! -7 /|

s
//———\—-/-——\\r—/—_—/// /7 7

/
/
|
/
7/

=
L]
O
)
N
C
°
O
o
O
QL
-
S
=
=

3-D simulation
Poor Alignment at

esUper-sonic
eself-gravitating

super-Alfvénic




L00Z UOSSP)DAUSQY ‘pun)pJoN‘D)aAn ‘aulbdq ‘ubwpoor) ‘Ubopbd

\\ N . _ \ N
P A N s B

\\///////m,\\///////m,
= U U U U NN NC L W U W NN

e
v
-
O
O
U
—
A—
0
D
O
w

——




L00Z UOSSPIDAUSQY ‘pun)pJoN ‘D)aANf ‘aulbdq ‘ubwpoor) ‘ubopbd

o o
L e B e L B L e B L L B

8

Polarization
VS
Intensi




200

150
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The Meaning of a “Clump IMF”, c. 1996

What is a clump?

+ =dense core
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E. Lada 1992

Typical Stellar IMF
dN/dM [] M—2.510.3

Salpeter 1955
Miller & Scalo 1979

What does the clump

log (dN/dM)

“IMF” look like?
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E. Lada et al. 1991
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Structure-Finding
Algorithms
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*CLUMPFIND (Williams et al. 1994)
*Autocorrelations (e.g. Miesch & Bally 1994)
*Structure Trees (Houlahan & Scalo 1990,92)
*GAUSSCLUMPS (Stutzki & Giesten 1990)
*Wavelets (e.g. Langer et al. 1993)
*Complexity (Wiseman & Adams 1994)

IR Star-Counting (C. Lada et al. 1994)




Simulating the IMF--in the Gas:

Success?
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Padoan, Nordlund, Rognvaldsson & Goodman 2001; see also Klessen 2001



Acheivements & Plans

Acheievements METN

- SCF most - Use the SCF to “find”
discriminating star-forming gas
descriptor of spectral- observationally

line data cubes Try the SCF on the
SCF used to map jonized ISM

“scale height” in the Study galaxy structure

LMC with SCF applied to
SCF used to extragalactic CO (BIMA

revise/improve MHD SONG, ALMA) and H | (EVLA;
: : SKA) maps
simulations




