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Figure 10. Riegel-Crutcher cloud (Section 6) in H 1 absorption (left) and RHT backprojection (right). Overlaid pseudovectors represent polarization angle measurements
from the Heiles (2000) compilation. In the left panel, the intensity scale is linear from —20 K (white) to —120 K (black).

(A color version of this figure is available in the online journal.)
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R G R R N Y T N R W O R W W A Y R R R W R T R T . I

The My Wiy and i cawet snighhim e Anrinnds i The bimen wip Aons e Semhution of the COumimng mihe b o s e Gons dher g i rory bl
) ond e L Magelonis Clond (LMC) a1 dhamad s bor oty (o el wribcitpomciel iahomamon lacking 10 oo 117 mvmend ow Aot bt muichoand a2 £ 1 30 S Mighor st
B 115 OMe baw of aodon manaide 1000 Sa bax mase o e e Mot b sgennt OO0 B ey 0 bt ange Thon mmen ot Nne o APt = B ) e
mvele scanie et et do o A g of Qulane Usiade omirnd i B e s Okactc pane v & 47 6% 0 f i, &0 ol &
s plms Mddarlen iy 48 Wb it ok G0 LT iy lood ot 0 Wb lavnnia The e dhon indule then
N o deon wrleied The dhamad bl oo D000 e e the s d TS ot ot o Mg itoade
ks mnly e e el v of de Qi senis  wpems g, Tied vhew it Vet 4 vl v
b g o b e e bk W farian) A e e Oeleone o, whee 8 ool wnimmenl svtfen of mal

g, sipes e OO bow ity swmomed o ol sdal  aonder gurmeding 00 has o A St bt 4 e rght  Baaghl Ao of e e dint e sy b bbbl w0

£
LU

o pgen 4l s e, Sosh sy

STV (T

CUHIE

i, ¢ masnwe of el boiwnt of mcdards pu slong e e s o e clowls @ s 0 bt o1 gL St

L e e e L LT f\lh-itwlﬂl”;-l-;“ml wd posn IS Mie fmmat the s e DA D e ..“: .“_‘

B ) i by g sanhe of mdande Ao o ot e oy o . B e - Sonr The Mlmncn vt dhamnad in A pat B iy s miw a
¥ 5 the s ik oo of e e, vl chmiom in e o) g, o Dins 5L, Ty O Mg, 3, 13 Sww ol befon bengo el survas of e fout and macnd Oulaore qubdbins i+ |- T ® HarvardSmithsonian Center for A’uﬂoph\nla
A mtabad wlandn s o et Bk e DIC  wngletion of Nt swnes, dive 5 o e b wdusin of b 2o ‘;"'.""’.gz’;.

AN e 1 OO0 o s e b i 7, e b e |3 s W i i, M, ool TS ot i iggonnd by o s gt o e o S ok o 2 O 44 T. M. Dame, Dap Hartmann, & P. Thaddews

o By fovew of 3 and 00, wpenaly Afade At o b Come Tk, Ova e oen apioyt e Oulion ol 10 e ummlwvmsn»um - Tave e SND Nl 61 o o o

|




Molecular Gas “Clouds” Rice et al. 2016

video: Matt Pasquini

THE ASTROPHYSICAL JOURNAL, 822:52 (27pp), 2016 May 1 RICE ET AL.
THE ASTROPHYSICAL JOURNAL, 822:52 (27pp), 2016 May 1 doi:10.3847/0004-637X/822/1/52 -10° BN
© 2016. The American Astronomical Society. All rights reserved. -
120§
CrossMark

A UNIFORM CATALOG OF MOLECULAR CLOUDS IN THE MILKY WAY

-14°
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ABSTRACT 210°208°206°20
The all-Galaxy CO survey of Dame et al. is by far the most uniform, large-scale Galactic CO survey. Using a ! (deg
dendrogram-based decomposition of this survey, we present a catalog of 1064 massive molecular clouds S A A
throughout the Galactic plane. This catalog contains 2.5 x 10® solar masses, or 25f§%7% of the Milky Way’s
estimated H, mass. We track clouds in some spiral arms through multiple quadrants. The power index of Larson’s
first law, the size-linewidth relation, is consistent with 0.5 in all regions—possibly due to an observational bias—
but clouds in the inner Galaxy systematically have significantly (~30%) higher linewidths at a given size,
indicating that their linewidths are set in part by the Galactic environment. The mass functions of clouds in the
inner Galaxy versus the outer Galaxy are both qualitatively and quantitatively distinct. The inner Galaxy mass
spectrum is best described by a truncated power law with a power index of 7= —1.6 = 0.1 and an upper
truncation mass of My = (1.0 £ 0.2) x 107 M, while the outer Galaxy mass spectrum is better described by a
non-truncating power law with v = —2.2 & 0.1 and an upper mass of My = (1.5 % 0.5) x 10° M, indicating
that the inner Galaxy is able to form and host substantially more massive GMCs than the outer Galaxy.
Additionally, we have simulated how the Milky Way would appear in CO from extragalactic perspectives, for 210°208°206°204°202°
comparison with CO maps of other galaxies. 1 (deg)

Intensity (K)

Key words: Galaxy general — ISM: clouds — ISM: molecules Figure 2. Example dendrogram extraction of Orion B: a nearby, well-studied giant molecular cloud ft: (I, b) thumbnail of the cloud and its neighboring region

. as seen on the sky. Bottom left: (Z, v) thumbnail of the same region. Right: dendrogram cutout, with Orion B’s structures highlighted in blue. The pixels corresponding

Support ing material: machine-readable table to the highlighted dendrogram structures are outlined in the blue contour (in projection); a representative ellipse is drawn in red, with semimajor axis length equal to
the second moment along each relevant dimension (as calculated in Section 2.2). Data come from DHT Survey #27 (the Orion complex).
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What are the /constructive forces?

Any structure’s longevity is affected by which influences govern it.

How (long) do structures live?



LY SIMULATIONS ALLOW US T
. DESTROY & TIME TRAVE

+"observed” simulations are best




ARE SUME PLACES SPECIAL?




The mid-plane of a spiral galaxy is a special place
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“Is Nessie Parallel to the Galactic Plane?” 4 surkert, 2012
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Where are we, really?

“IAU Milky Way”, est. 1959

True Milky Way, modern

The equatorial plane of the new co-ordinate system must of necessity pass through
the sun. It is a fortunate circumstance that, within the observational uncertainty, both
the sun and Sagittarius A lie in the mean plane of the Galaxy as determined from the
hydrogen observations. If the sun had not been so placed, points in the mean plane would

not lie on the galactic equator. , [Blaauw et al. 1959]
Sun is Galactic
~25 pc Center is The Galactic Plane is not quite
“above” the + 7 pc offset fromthe = where you’d think it is
IAU Milky Way LA Ly ey when you look at the sky

Plane Center



In the plane! And at distance of spiral arm!

-50.0 —-46.7 -43.3 -40.0 -36.7

[Z,=25.0 pc, Ry=8.5 kpc, ©p=220 km/s]

Galactic Latitude (b)

0.0
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340 338 336 334
Galactic Longitude (l)

Goodman et al. 2014




..eerily precisely...

Goodman et al. 2014



2014 Simulation

Smith et al. 2014, using AREPO
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The Physical Properties of Large-Scale
Galactic Filaments

catherine

Nessie’s velocity

The infrared dark cloud . 0 . - © gradient exactly
“Nessie” seen in ; . - h f matches the global-
extinction. Its length Nessie lies within  * | " log spiral fit to the

(160+ pc) and aspect s 3 pc of the “I Scutum Centaurus
ratio (>300:1) suggests its 3 s P o < physical Galactic ' Armin p-v space
formation is due to the E ¥ - ‘. o % midplane -

global spiral potential of y - = # : (dashed colored

the Galaxy. s N > line), at d=3.1 kpc

ngitude
Large-Scale Herschel @
Filaments: Dense, cold

filaments (aspect ratios >>10)
chosen through visual inspection
of Hi-GAL images. Confirmed
velocity contiguous through *CO
GRS data (Wang+2015)

VLSR [km's ']

o
Galactic Longitude MST Bones: Filaments created by

Milky Way Bones: Ultra-dense, high aspect ratio Nessie connecting dense BGPS N,H+/HCO+

analogs that may form the “Skeleton” of the Milky Way. ° @ sources in p-p-v space using Minimum

Spanning Tree algorithm. Must also
satisfy additional Bone criteria based on
Zucker+2015 criteria (Wang+2016)

Analogs must satisfy quantitative Bone criteria (Zucker+2015)

Giant Molecular

Filaments: 70+ pc
lower density filaments
traced mainly by 13CO,
with typical aspect ratios
between 5:1-10:1

Nessie Analog from Zucker+2015 Rage 3 (Ragan+2014, Abreu-
S Vicente+2016)

But they have different properties and utility in tracing spiral structure

Size Scale Comparison of
Large-Scale Filament Catalogs:
Herschel column density map with
filament outlines overlaid

Temperature Comparison

Systematic
offsets in column
density (top left),
temperature (top
right), scale height
(bottom left) and
position angle
(bottom right)
among different

classes
Position Angle Comparison

Filament Venn
Diagram: only 18% of
large-scale filaments share
any overlap with other large-
scale filament catalogs
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Milky Way Bones: Ultra-dense, high aspect ratio Nessie
analogs that may form the “Skeleton” of the Milky Way.
Analogs must satisfy quantitative Bone criteria (Zucker+2015)

one it

2.3. Establishing “Bone” Criteria

+00.40°

After narrowing down our list to 10 filaments with kinematic
structure consistent with existing spiral arm models, we
develop a set of criteria for an object to be called a “bone”:

Galactic Latitude

1. Largely continuous mid-infrared extinction feature

2. Parallel to the Galactic plane, to within 30°

3. Within 20 pc of the physical Galactic mid-plane, assum-
ing a flat galaxy

4. Within 10 km s~" of the global-log spiral fit to any Milky

Waxr arm
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Battershy, Goodman, Zucker et al. in prep.



FLAMENT & WITH THE 30-M

Battershy, Goodman, Zucker et al. in prep.
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slue 3-D volume rendering of 3CO and C'8

Battershy, Goodman, Zucker et al. in prep.
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But they have different properties and utility in tracing spiral structure
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But they have different properties and utility in tracing spiral structure
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But what creates the Bones we observe? brand new

- ~ AREPO work...look for
BT M@0 0‘]]7v ® = Rowan_XYZ (1 page) ¥ Zucker, Smiih,
Cu Ofientati
of Gube fatches. Battershy, Goodman
Rowan’s Figu
(0} anRslgr? re to 20]7
3 X
Rpwan Z :' =
Rpwan X
Rpwan Y
-
Pt
cf. simulation work by Moeckl & Burkert 2015, Duarte-
Cabral & Dobbs 2016; + AREPO MHD simulation -ALMA

polarimetry comparison from Hull et al. 2016, more...
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The 30-year story: Myers & Benson 1983, Goodman et al. 1998, Pineda et al. 2010, 2011, 2014



999

"Chaff*

Dimensions: 5155. AU With Radiative Feedback __Time: 50225. yr

0.01 to 10 pc scales

"Coherent

Core"

THE ASTROPHYSICAL JOURNAL, 504:223-246, 1998 September 1
© 1998. The American ical Society. All rights d. Printed in USA.
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ABSTRACT

After studying how line width depends on spatial scale in low-mass star-forming regions, we propose
that “dense cores” (Myers & Benson 1983) represent an inner scale of a self-similar process that charac-
terizes larger scale molecular clouds.

F1G. 10.—An illustration of the transition to coherence. Color and shading schematically represent velocity and density in this figure. On large scales,
material (labeled chaff) is distributed in a self-similar fashion, and its filling factor is low. On scales smaller than some fiducial radius, the filling factor of gas
increases substantially, and a coherent dense core, which is not self-similar, is formed. Due to limitations in the authors’ drawing ability, the figure emphasizes
a particular size scale in the chaff, which should actually exhibit self-similar structure on all scales ranging from the size of an entire molecular cloud complex

down to a coherent core.

?



POSITION-VELOCITY STRUCTURE OF THE Bo REGION IN PERSEUS
e |

weak NH3 ,}dﬁ strong NH3 : |
T '

R, = many thanks to Jaime Pineda & Jens Kauffmann for this figure
————— COMPLETE data: '3CO from Ridge et al. 2006; NH; from Pineda et al. 2010



S TRONG EVIDENCE FOR "VELOCITY CORERENCE IN DENSE CORES

greyscale shows NHj3 velocity dispersion,
arrows show gradient in dispersion
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POSITION-VELOCITY STRUCTURE OF THE B REGION IN PERSEUS
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=
weak strong NH3 % @
e strong 3CO
d 7 many thanks to Jaime Pineda & Jens Kauffmann for this figure

COMPLETE data: '3CO from Ridge et al. 2006; NH; from Pineda et al. 2010




U T THEN.. We FOUND SUB-5 TRUCTURE

THE ASTROPHYSICAL JOURNAL LETTERS, 739:L2 (5pp), 2011 September 20 PINEDA ET AL.
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Figure 1. Left panel: integrated intensity map of BS in NH3 (1,1) obtained with GBT. Gray contours show the 0.15 and 0.3 Kkms™' level in NH3 (1,1) integrated
intensity. The orange contours show the region in the GBT data where the non-thermal velocity dispersion is subsonic. The young star, BS-IRS]1, is shown by the star
in both panels. The outflow direction is shown by the arrows. The blue contour shows the area observed with the EVLA and the red box shows the area shown in the
right panel. Right panel: integrated intensity map of B5 in NH3 (1,1) obtained combining the EVLA and GBT data. Black contour shows the 50 mJy beam™' kms™"
level in NHj3 (1,1) integrated intensity. The yellow box shows the region used in Figure 4. The northemn starless condensation is shown by the dashed circle.

Pineda et al. 2011



\U SUB-5UB S TRUC TURE

_WENOW ALSO KNOW THAT Bb IS (RAPIDLY)

Barnard 5
JVLA NH,(1,1)

1
(D)

AMING A BOUND CLUSTER

56’

55’

LETTER
The formation of a quadruple star system with wide

separation

Jaime E. Pineda’, Stella S. R. Offner®?, Richard J. Parker?, Héctor G. Arce®, Alyssa A. Goodman®, Paola Caselli’, Gary A. Fuller®,
Tyler L. Bourke®' & Stuartt A. Corder''?

doi:10.1038/nature14166

54’

The initial mnluphcnty of stellar systems lslughly in. A num- Detailed knowledge of the underlying distribution of dense gas is the
ber of: proposed theoriginofbinary  key to determining which structures will go on to form stars. Here we
and multiple star systems, including core fngmmtauon, disk frag— 1denufy the dense gas structures that are most. hkely to form staxs using
mentation and stellar capture’-. Ot that p dend; technique”. Dend h truc-
and pre-main-sequence multiplicity is higher than the multipli ture d position that uses i to identify mdmdual features,
found in field stars*”, which suggests that dynamical interactions ~ while also determining where these contours merge with adjacent struc-
occur early, splitting up multiple systems and modifying the initial turesto createa new parental structure. We refer tothe smallest scale (and
stellar separations®®. Without direct, high-resolution observations  brightest) in the dend: i These are
of forming systems, however, it is difficult to determmg tlle true the mostlikely places for an individual star to form. Figure 1ashows the
initial multiplicity and the domi bin: B5 region as seen in dense gas (number density of Hy, ng, = 10*em™),
Here we report observations of a wide-separation (greater than  with the protostar and the identified gas condensations shown by a star
1, i umts) system p o a young and circles, respectively. The mass of the well known protostar B5-IRS1
and three ionally bound dense g; is 0.1 solar masses (Msup; ref. 22), while the masses of condensations
BS <] C O n d 1 These wndensamms are the resull of fragmentatmn of dense gas  B5-Condl, B5-Cond2 and B5-Cond3 are 0.36 = 0.09 My, 0.26 =+ 0.12
toformastaronatime-  Msy, and0.30 + 013 M, respectively. Uncertainty in these masses s
B 5 o C O n d scale of 40,000 years. We determine that the closest pair will form a d by the inty in the used to convert mea-
bound bmary, while the quadruple stellar system melfls bmmd but sured fluxes to masses. The radii of the three condensations are respec-
£500,000 tively 2,800 AU, 2,300 AU and 2,500 AU, while the projected separations
the embedded protostellar phase'®). These observations suggest that  between the same three condensations and the protostar are 3,300 Au,
filament fragmentation on length scales of about 5,000 astronomical 5,100 AU and 11,400 AU (see Methods). The half-mass radii of the con-
units offers a viable pathway to the formation of multiple systems.  densations are about half the condensation radii. This, combined with

53’

Declination (J2000)

52’

51’
B5-Cond3

+32¢ 50’ 10,000 Au 10,000 au

| IR S T T T T T

44 s 40s 36s 3h47min32s
Right ascension (J2000)

Pineda, Offner, Parker, Arce, Goodman, Caselli, Fuller, Bourke & Corder 2015



-

{

i
B
L g

" (b) Filament Profile ——
- Beam - - 1
gol BS Model (p=4) - - _|

Model (p=2) -

60
isothermal,
hydrostatic filaments,
not turbulent ones?

40}

Flux (mJy beam™' kms™)

20

0 A g el Mo asaa las s ssasa s s asasaa leasa s asaa

-30 -20 -10 0 10 20 30
Radius (arcsec)

THE ASTROPHYSICAL JOURNAL LETTERS, 739:L2 (Spp), 2011 September 20 PINEDA ET AL.
T T T T T —
v = 1
56'0" s Starless (mJy beam” km ™)
560 condensation s =3 =
. . 2 49 100
540"
540’
g 52'0 g .
) S
g 500" ¥ YSO BS-IRS1 !
e S  s2of M
48'0"F
0.1 pc M ‘W
460" 0 I 32500
Pineda et al. 2011 oet boan ‘
.
— L
32440 1 1 1 1 1 1 1 n 1
03"48™0° 47750°  40° 30° 20° 10° 03"47"50° 30°

40°
RA (J2000) RA (J2000)



Here's the fun/crazy pari.



WHAT - FLAMENTS CONTINUE ACROSS "CORE BUUNDARIES?!

blue =VLA ammonia (high-density gas); green=6BT ammonia (lower-res high-density gas); red=Herschel 250 micron continuum (dust)

Goodman, Chen, Offner & Pineda 2016 in prep.
CLLLLLLLL———_—_——_—_——_—————SSSSSSSSShEEEE
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Bo-1oH SIMULA TION

Log Column Density
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Offner (priv. comm.)
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MANCHESTER
1824

Simulators are almost observing enough lines...
Filaments in Filaments
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SUME PLACES ARE SPECIAL

|II

What are “special” places in ISM & how long do they last?
—galactic plane, Bones
—filaments’ influence may last info cores—how long, and when, simulators?

How do “influences” change what is special?
—magnetic fields, feedback, “collisions,” but when, how & where, simulators?

—
B




Sneak Preview of ALMA+AREPO B-field insights...

Hull, Mocz, Burkhart, Goodman, Girart, Cortes, Hernquist, Lai, Li, Springel 2017, ApJL, submitted.




Hull, Mocz, Burkhart, Goodman, Girart, Cortes, Hernquist, Lai, Li, Springel 2017, ApJL, submitted.
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B=30

7 CARMA
e

5,000 AU [= 0.08 pc]

\T

37350 AU [= 0.2 pc]
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