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Milky Way Structure Jargon (Cartoon!)
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Hubble's “Tuning Fork”
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The Spitzer Infrared Nearby Galaxies Survey (SINGS) Hubble Tuning-Fork

NGC 584
NGC 3265
NGC 855 T i
. E4
- 3
v NGC 1404

-
=

NGC 4552 (M89)

Ssjeondy|3

NGC 4125

Eo

e — — Eép
S
-
Irregulars
NGC 3034 (M82)
; NGG 2915
DDO 154 L4 A .
* ’ ‘
X 5 - lo
1Bm

NGG 6822 NGC 5408

Mrk 33
. 1Bm ¢
Ho I
Im
HolX -
Im
Im 3

M8t DwA

- NGC 5055 (M63)

-

NGC 5474

Shc NGC 2976

Shap NGG a035 NGC 7552
SAc

NGC 4736 (M94)

SAc
SAc e e e ———— _——m T T T Em s e == == - = - -
; _ F, - -
SAab -
NGC 4450 P ¥ -
- NGC 4321 (M100)
SAab -
- NGC 3184
- NGC 3521 » 4 .
- -
Sha F P & 2
NGC 1482 d - s
- P NGC 4579 (M58) y :
e NGC3773 - - ; _- ; f :
- - - .,
. . SAab .+ -
- PR i 3 J—
SA0 2 \ e - NGC 4725 : -
%\) e “ SABbC - —
SA0 g Phe )
\(0(\ > “ SABb H
- e NGC 4559 SABed
-
NGC 5866 (M102) o SABbc .
-
. - NGC 1316 (D
NGC 1566 Naasas NGC 6946 o
P P NGC 4569 (M9D) . Q",—|.
o . (¢
SABab SABbcp wn
NGC 1377 SABed
. =]
: SABO ‘ NGC 3627 (M66) & NGC 5194/5 (M51) =
. i 3 . -~ e NGC 2403
- NGC 12 \\\S[ro . - : E
: % =~ ,}g v . SABbG SABcd ’ n
~Yd 80/
o ~ %
» . 4
. S~ o SABab NGC 4536
~
N ~ ; A -
SBo ~ . 2 « NGC 925
~ ~ C
~ ~
N NGC 2798 ~ o SABb
N N " NGC 1291 S o ” i
. ~ . o % .
: PLik,
N ”~ ‘ ¥ S o s SABed
S . ~ o SABbc ;
N N .o T ¢ S o SABbc/SBOP B &
SBa ‘ & . - SABd
N\ 3 . ~ o
AN 1 i NGC 3049 ~ -
‘ -
\ . =~
N ; . - S e e Weak Bulge
N : 1 NGC 3351 (M95) e e e e e e e em o o e e o o e e = = = = = = —
DDO 053 \ . " o NGC 3198 NGC 337
: : 43 *
\ S SBab : ’ NGG 5398/Tol 89, NGGC 4236
X N NGC 1512 e 3 e
\ X ;
N\ . » fe
Im £
N NGC 1097 ‘ SBd X
N SBdm
N
NGC 1705 ~ o NGC 4631
N
. ~ . SBb - SBe
- ~ SBab
h O
. ~ ..
~
Am ¥ IC 2574 ~ o
¥eg ~
; ~ o B . SBdm
S~ .o SBd
’
i NGC 4625
Ms1 DwB o . ;
¥ el S Poster and composite images created from SINGS Team

) it ' SINGS observations by Karl D. Gordon (oct 2007) Robert Kennicutt, Jr. (Principle Investigator), Daniela Calzetti (Deputy Principle Investigator), Charles
T SN ’ Blue=IRAC 3.6um (stars) Engelbracht (Technical Contact), Lee Armus, George Bendo, Caroline Bot, Brent Buckalew, John
2 . AR oA Cannon, Daniel Dale, Bruce Draine, Karl Gordon, Albert Grauer, David Hollenbach, Tom Jarrett, Lisa
" 2 SABm o PE 3 SAETP . Green=IRAC 8uml Kewley, Claus Leitherer, Aigen Li, Sangeeta Malhotra, Martin Meyer, John Moustakas, Eric Murphy,

(aromatic features from dust grains/molecules) Michael Regan, George Rieke, Marcia Rieke, Helene Roussel, Kartik Sheth, J.D. Smith, Michele
Thornley, Fabian Walter & George Helou




& -

[¢]¢ f2158; (Mark Reid’s favorite Milky Way analog)



| ]
[
A
\
|
|
-
q

)

Reid’s favorite Mijlky Way analo

UGC 12158 (Mark



Y [pc]

The “Radcliffe” Wave

(embargoed, please do not distribute)

X prime

1500 A

1000 -

500 -

- 100

End-on view
Cepheus
* O]
XY
&% Orion
’ ' 500 pc
Side view
CMa / of ‘\Qﬂ o e =
® N ® . ;Sﬁg ® & 7 CygX
% Y * North ’
® o America
.\’. ® /Orion 500 pc

—1500—1000 —500

0
X [pcl]

500

1000 1500

Joao Alves, Catherine Zucker, Alyssa Goodman, Joshua Speagle,
Stefan Meingast, Thomas Robitaille, Douglas Finkbeiner, Edward F. Schlafly,
and Gregory Green 2019, Nature (soon, we hope)

300

-200
- 100

o
Z [pc]

-—100

-—200

- 300

-200

Z [pc]

-—100

-—200


https://faun.rc.fas.harvard.edu/czucker/Paper_Figures/radwave.html

“Data”= 3D cubes, 2D images, 1D catalogs, from...
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Spectral-line mapping: “p-p-v” space

1 dimension

Mountain Range NO IOSS Of
information



. C®MPLETE ™

mm peak (Enoch et al. 2006)

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

O
.~ ) 13CO (Ridge et al. 2006)
. |

mid-IR IRAC composite

3 from c2d data (Foster,
' Laakso, Ridge, et al.)

;:_: Optical image (Barnard 1927)

tr‘onomicall\/ledicine@iie



Spectral-line mapping: p-p-v space

We wish we could measure... But we can measure...
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Synthetic p_p Maps
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Milky-way-like simulation from Smith et al. 2014
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“Bones”

colored dots show spectral line measurements’ agreement w/Galactic rotation;
velocity-colored lines show =20 pc from true Galactic plane

Goodman et al. 2014
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“Bones”

colored dots show spectral line measurements’ agreement w/Galactic rotation;
velocity-colored lines show =20 pc from true Galactic plane

Goodman et al. 2014
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2014: How many more Nessie-like Bones?
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THE SKELETON OF THE MILKY WAY

. CATHERINE ZUCKER ", CARA BATTERSBY?, AND ALYSSA GOODMAN>
Astronomy Department, University of Virginia, Charlottesville, VA 22904, USA; catherine.zucker @cfa.harvard.edu
Harvard-Smithsonian Center for Astrophysics, Cambridge, MA 02138, USA
Received 2015 June 27; 1 2015 September 21; published 2015 December 3

ABSTRACT

Recently, Goodman et al. argued that the very long, very thin infrared dark cloud “Nessie” lies directly in the Galactic
midplane and runs along the Scutum—Centaurus Arm in position—position—velocity (p—p-v) space as traced by lower-
density CO and higher-density NH; gas. Nessie was presented as the first “bone” of the Milky Way, an
extraordinarily long, thin, high-contrast filament that can be used to map our Galaxy’s “skeleton.” Here we present
evidence for additional bones in the Milky Way, arguing that Nessie is not a curiosity but one of several filaments that
could potentially trace Galactic structure. Our 10 bone candidates are all long, filamentary, mid-infrared extinction
features that lie parallel to, and no more than 20 pc from, the physical Galactic mid-plane. We use CO, NH", HCO™,
and NHj radial velocity data to establish the three-dimensional location of the candidates in p—p—v space. Of the 10
candidates, 6 also have a projected aspect ratio of >50:1; run along, or extremely close to, the Scutum—Centaurus
Arm in p—p-v space; and exhibit no abrupt shifts in velocity. The evidence presented here suggests that these
candidates mark the locations of significant spiral features, with the bone called filament 5 (“BC_18.88-0.09”) being a
close analog to Nessie in the northern sky. As molecular spectral-line and extinction maps cover more of the sky at
increasing resolution and sensitivity, it should be possible to find more bones in future studies.

Key words: Galaxy: kinematics and dynamics — Galaxy: structure — ISM: clouds

Actual Observations (Herschel-based

RadFil: A Python Package for Building and Fitting Radial Profiles
for Interstellar Filaments

Catherine Zucker @, and Hope How-Huan Chen
(co-Pls)
Harvard-Smi ian Center for Astrophysics, 60 Garden St., Cambridge, MA 02138, USA; catherine.zucker @cfa harvard.edu
Received 2018 February 12; revised 2018 July 6; accepted 2018 July 12; published 2018 September 11

Abstract

We present RadF1i 1, a publicly available Python package that gives users full control over how to build and fit
radial profiles for interstellar filaments. RadFi1 builds filament profiles by taking radial cuts across the spine of
a filament, thereby preserving the radial structure of the filament across its entire length. Pre-existing spines can
be inputted directly into RadFil, or can be computed using the FilFinder package as part of the RadFil
workflow. We provide Gaussian and Plummer built-in fitting functions, in addition to a background subtraction
estimator, which can be fit to the entire ensemble of radial cuts or an average radial profile for the filament. Users
can tweak parameters like the radial cut sampling interval, the background subtraction estimation radii, and the
Gaussian/Plummer fitting radii. As a result, RadFil can provide treatment of how the resulting filament
properties rely on systematics in the building and fitting process. We walk through the typical RadFil
workflow and compare our results to those from an independent radial profile code obtained using the same data;
we find that our results are entirely consistent. RadFi1 is open source and available on GitHub. We also provide
a complete working tutorial of the code available as a Jupyter notebook, which users can download and run
themselves.

Key words: ISM: clouds — methods: data analysis — methods: statistical

2018

“Sun-Like" Synthetic Observations

=
U O
©o O O

o
o

/

%

s —

=

:l\

/

-100

Height off Plane (pc)

2018

Milky Way  Giant Molecular

Bones Filaments
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© 2018. The American Astronomical Society. All rights reserved.
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Physical Properties of Large-scale Galactic Filaments

Catherine Zucker' , Cara Battersby"z , and Alyssa Goodman'
! Harvard-Smi ian Center for ics, Cambridge, MA 02138, USA
2 Department of Physics, University of Connecticut, Storrs, CT 06269, USA
Received 2017 December 27; revised 2018 May 7: accepted 2018 May 28; published 2018 September 11

Abstract

The characterization of our Galaxy’s longest filamentary gas features has been the subject of several studies in
recent years, producing not only a sizable sample of large-scale filaments, but also confusion as to whether all these
features (e.g., “Bones,” “Giant Molecular Filaments”) are the same. They are not. We undertake the first
standardized analysis of the physical properties (H, column densities, dust temperatures, morphologies, radial
column density profiles) and kinematics of large-scale filaments in the literature. We expand and improve
upon prior analyses by using the same data sets, techniques, and spiral arm models to disentangle the filaments’
inherent properties from selection criteria and methodology. Our results suggest that the myriad filament-finding
techniques are uncovering different physical structures, with length (11-269 pc), width (1-40pc), mass
(3 x 103 M.-1.1 x 10° M), aspect ratio (3:1-117:1), and high column density fraction (0.2%~-100%) varying
by over an order of magnitude across the sample of 45 filaments. We develop a radial profile-fitting code, RadFil,
which is publicly available. We also perform a position—position—velocity (p—p—v) analysis on a subsample and
find that while 60%—70% lie spatially in the plane of the Galaxy, only 30%-45% concurrently exhibit spatial and
kinematic proximity to spiral arms. In a parameter space defined by aspect ratio, dust temperature, and column
density, we broadly distinguish three filament categories, which could indicate different formation mechanisms or
histories. Highly elongated “Bone-like” filaments show the most potential for tracing gross spiral structure (e.g.,
arms, spurs), while other categories could be large concentrations of molecular gas (giant molecular clouds, core
complexes).

Key words: Galaxy: structure — ISM: clouds

Supporting material: figure sets
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Synthetic Large-Scale Galactic Filaments — on their Formation, Physical Properties, and Resemblance to
Observations

CATHERINE ZUCKER,' ROWAN SMITH,> AND ALyssA GoobMAN"?

1 Harvard Ast , Harvard. Center for Astrophysics, 60 Garden St., Cambridge, MA 02138, USA
2 Jodrell Bank Centre for Astrophysics, School of Physics and Ast , University of Manchester, Ocford Road, Manchester, M13
9PL,UK

3 Radcliffe Institute for Advanced Study, Harvard University, 10 Garden St, Cambridge, MA 02138

Submitted to ApJ

ABSTRACT

Using a population of large-scale filaments extracted from an AREPO simulation of a Milky Way-
like galaxy, we seek to understand the extent to which observed large-scale filaments properties (with
lengths 2 100 pc) can be explained by galactic dynamics alone. We identify filaments from an observer’s
perspective in the disk of the galaxy, which are forming purely to due to galactic dynamics without
the effects of feedback or local self-gravity. We find that large-scale Galactic filaments are intrinsically
very rare, and estimate that at maximum approximately one filament per kpc? should be identified
in our Milky Way. In this idealized scenario, we find filaments forming in both the arm and interarm
regions, the former due to gas compression in the spiral potential wells and the latter due to Galactic
shear. Using the same analysis pipeline applied previously to observations, we analyze the physical
properties of large-scale Galactic filaments, and quantify their sensitivity to projection effects and
galactic environment (i.e. formation in the arm or interarm regions). We find that observed “Giant
Molecular Filaments” are consistent with being 1 structures dominated by large-
scale galactic dynamics. “Bone-like” filaments, like the paradigmatic Nessie filament, have similar
column densities, velocity gradients, and Galactic plane heights (= ~ 0 pe) to those in our simple
model, but additional physical effects (such as feedback and self-gravity) must be invoked to explain
their lengths and widths.
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2019: The "Radcliffe” Wave
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Table 3: Physical Properties of the Radcliffe Wave

Name Median with 95% Cl
Length 2.7+ 0.2 kpc
Scatter 60 4 15 pc
Amplitude 160 £ 30 pc
Mass > 3 x 10° Mg,
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Where did the distances come from?

hard work over a decade by the “3D Dust Mapping” team of Doug Finkbeiner,
Eddie Schlafly, Greg Green, Catherine Zucker, Josh Speagle et al.,
+ Pan-STARRS 1 & Gaia teams & many(!) others (see argonaut.skymaps.info)


http://argonaut.skymaps.info

NERD NOTE: “Matter” is actually “Gas” and “Dust,” which are not distributed in EXACTLY the same way, but for this cartoon, we’ll say “close enough.”
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The ABC's of Distances

It is almost impossible to tell the distances of objects we see in the sky. Almost, but not quite, and astronomers have developed a
large variety of techniques. Here I will describe 26 of them. I will ignore the work that went into determining the astronomical unit:
the scale factor for the Solar System, and just consider distances outside of the Solar System.

A. TRIGONOMETRIC PARALLAX

This method rates an A because it is the gold standard for astronomical distances. It is based on measuring two angles and the
included side of a triangle formed by 1) the star, Z) the Earth on one siae or 1ts oroit, and 3) the Earth six months later on the other
side of its orbit.

*
w
J U N
5 E o TOP VIEW
W
V * x
o 8 E'ip_andin'g _th:e frontie * * *

* *
DEC JUN

The top part of the diagram above shows the Earth at two different times, and the triangle formed with a nearby star and these two
positions of the Earth. The bottom part shows two pictures of the nearby star projected onto more distant stars taken from the two
sides of the Earth's orbit. If you cross your eyes to merge these two pictures, you will either see the nearby star standing in front of
the background in 3-D, or else get a headache.

The parallax of a star is one-half the angle at the star in the diagram above. Thus the parallax is the angle at the star in an Earth-Sun-
star triangle. Since this angle is always very small, the sine and tangent of the parallax are very well approximated by the parallax
angle measured in radians. Therefore the distance to a star is

D[in cm] = [Earth-Sun distance in cm]/[parallax in radians]

www.astro.ucla.edu/~wright/distance.htm


http://www.astro.ucla.edu/~wright/distance.htm










WARNING: schematic diagram,

to scale (credit A. Goodman, 2019)
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GALACTIC DYNAMICAL ANALYSIS AND MIDPLANE FLUCTUATIONS
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Figure 6. The local midplane determined at the fiducial solar circle (Ro = 8.2kpc) for the three FIRE galaxies m12i, m12f,
and m12m (left, center, and right panels) as a function of azimuthal angle, at cosmological redshift z, = 0. The local midplane is
determined at a position ¢ by taking the median height of all st within R = 0.5kpc and z = 1 kpc (in cylindr coordin

In order to allow for the possibility that the fiducial galactocentric coordinate system is incorrect, we subtract the best fi
curve from each panel. We then bootstrap resample 1000 times to determine 1o error bars, which we report as dashed lines.
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“Theory” questions re: magnetic fields, feedback, collisions, oscillations dark matter...




The ABC's of Distances

It is almost impossible to tell the distances of objects we see in the sky. Almost, but not quite, and astronomers have developed a
large variety of techniques. Here I will describe 26 of them. I will ignore the work that went into determining the astronomical unit:
the scale factor for the Solar System, and just consider distances outside of the Solar System.

A. TRIGONOMETRIC PARALLAX

This method rates an A because it is the gold standard for astronomical distances; It is based on measuring two angles and the
included side of a triangle formed by 1) the star, Z) the Earth on one siae or 1ts oroit, and 3) the Earth six months later on the other
side of its orbit.

*
W
JUN
g:<S<S g: (s ~e- TOP VIEW
Bar and Spiral Structure Legacy Survey,
a VLIA Key Scaience Project w
“maser” distances . N x N

* *
DEC JUN

The top part of the diagram above shows the Earth at two different times, and the triangle formed with a nearby star and these two
positions of the Earth. The bottom part shows two pictures of the nearby star projected onto more distant stars taken from the two
sides of the Earth's orbit. If you cross your eyes to merge these two pictures, you will either see the nearby star standing in front of
the background in 3-D, or else get a headache.

The parallax of a star is one-half the angle at the star in the diagram above. Thus the parallax is the angle at the star in an Earth-Sun-
star triangle. Since this angle is always very small, the sine and tangent of the parallax are very well approximated by the parallax
angle measured in radians. Therefore the distance to a star is

D[in cm] = [Earth-Sun distance in cm]/[parallax in radians]

www.astro.ucla.edu/~wright/distance.htm


http://www.astro.ucla.edu/~wright/distance.htm
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“Data”= 3D cubes, 2D images, 1D catalogs, from...

Spectral Line Observations
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Spectral Line Observations
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“Teasing” or "Knitting"?




“Knitting” in 2020 & beyond...
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How/why is this all possible now?
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v tease
/téz/

verb
gerund or present participle: teasing

1. make fun of or attempt to provoke (a person or animal) in a playful way.

"she was just teasing"
synonyms: make fun of, poke fun at, chaff, make jokes about, rag, mock, laugh at, guy, satirize, be

sarcastic about; More
« tempt (someone) sexually with no intention of satisfying the desire aroused.
2. gently pull or comb (tangled wool, hair, etc.) into separate strands.
"she was teasing out the curls into her usual hairstyle"

» find something out from a mass of irrelevant information.
"a historian who tries to tease out the truth”

e NORTH AMERICAN
comb (hair) in the reverse direction of its natural growth in order to make it appear fuller.

e ARCHAIC
comb (the surface of woven cloth) to raise a nap.



