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Figure 13,14 of  Drimmel & Spergel 1991

Aristotle, et al.
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Thomas Wright, William Herschel…
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Hubble’s “Tuning Fork”





UGC 12158 (Mark Reid’s favorite Milky Way analog)
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~40 kpc

UGC 12158 (Mark Reid’s favorite Milky Way analog)
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“Data”= 3D cubes, 2D images, 1D catalogs, from…

“Theory” questions re: magnetic fields, feedback, collisions, oscillations, dark matter…
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Spectral-line mapping: “p-p-v” space
Spectral Line Observations

Mountain Range No loss of 
information

Loss of 
1 dimension



AstronomicalMedicine@

3D Viz made with VolView

Perseus

mm peak (Enoch et al. 2006)

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

13CO (Ridge et al. 2006)

mid-IR IRAC composite 
from c2d data (Foster, 
Laakso, Ridge, et al.)

Optical image (Barnard 1927)
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vz only from  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maps”

“p-p-v” or  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space

Spectral-line mapping: p-p-v space
Spectral Line Observations



“Data”= 3D cubes, 2D images, 1D catalogs, from…

“Theory” questions re: magnetic fields, feedback, collisions, oscillations dark matter…
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Synthetic  p-p-v Maps

Milky-way-like simulation from Smith et al. 2014



“Data”= 3D cubes, 2D images, 1D catalogs, from…

“Theory” questions re: magnetic fields, feedback, collisions, oscillations dark matter…
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“Bones”

Goodman et al. 2014

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



“Bones”

“Nessie”

~300 pc long, 1 pc wide

Goodman et al. 2014
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AREPO Simulation (2014)

Smith et al. 2014
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2014: How many more Nessie-like Bones?



How many more Nessie-like Bones?
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Zucker, Smith & Goodman 2019



“Data”= 3D cubes, 2D images, 1D catalogs, from…

“Theory” questions re: magnetic fields, feedback, collisions, oscillations dark matter…
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2019: The “Radcliffe” Wave
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The “Radcliffe” Wave — Live at Princeton glue
multidimensional data exploration

WorldWide Telescope: worldwidetelescope.orgglue: glueviz.org

http://worldwidetelescope.org
http://glueviz.org


glue
multidimensional data exploration

The “Radcliffe” Wave — Live at Princeton
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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


Mapping Interste
llar Matter in 3D

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.” 



Mapping Interste
llar Matter in 3D

WARNING: schematic diagram, NOT to scale (credit A. Goodman, 2019)



WARNING: schematic diagram, NOT to scale (credit A. Goodman, 2019)

Stars in
 3D

[z:”Radial Velocity”]  
&  

x,y: “Proper Motion”



Explain parallax & masers in detail, show progress bar chart

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

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


WARNING: schematic diagram, NOT to scale (credit A. Goodman, 2019)
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WARNING: schematic diagram, NOT to scale (credit A. Goodman, 2019)

“Im
aging” (in

 2D)



WARNING: schematic diagram, NOT to scale (credit A. Goodman, 2019)

“Extinctio
n”



“Reddening”



WARNING: schematic diagram, NOT to scale (credit A. Goodman, 2019)

Extinctio
n & Reddening, fro

m Color Im
aging

Can infer matter’s distance from dust’s effects on stars.

Green et al. 2019

Zucker et al. 2019



“Data”= 3D cubes, 2D images, 1D catalogs, from…

“Theory” questions re: magnetic fields, feedback, collisions, oscillations dark matter…
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“Theory” questions re: magnetic fields, feedback, collisions, oscillations dark matter…



“Theory” questions re: magnetic fields, feedback, collisions, oscillations dark matter…



Explain parallax & masers in detail, show progress bar chart

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

“maser” distances

http://www.astro.ucla.edu/~wright/distance.htm
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Zucker et al. 2019



Zucker et al. 2019

requires 
special regions 

on the Sky  
(HII regions 

with masers)

can be used anywhere 
there’s dust & measurable 

stellar properties



“Data”= 3D cubes, 2D images, 1D catalogs, from…
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WARNING: schematic diagram, NOT to scale (credit A. Goodman, 2019)

Mapping Interste
llar Matter in p-p-v

“Spectral-Line Data Cubes”

Spectral Line Observations



WARNING: schematic diagram, NOT to scale (credit A. Goodman, 2019)

Mapping Interste
llar Matter in 4D (p-p-p-vz)



Perseus in 4D

Zucker et al. 2018

Spectral Line Observations



Zucker et al. 2018

Perseus in 4D

Spectral Line Observations



Dust Stars
Gas

“Teasing” or “Knitting”?



3D Dust v1
“Bayestar”
Green et al. 

2015

3D Dust v2
“Bayestar”
Green et al. 

2018a

3D Dust v4
“brutus”

optimized for 
Galactic Plane

Distance-Velocity 
knitting demo 

(Perseus) 
Zucker et al. 2018b

Bones constrain 
Galactic plane. 

(Goodman et al. 
2014; Zucker et al. 
2015, 2018a, 2019)

4D 
(3D position-1D 
velocity) model 
of nearby arms

(future) 4D 
(3D position-1D 

velocity) 
model of full 
Milky Way

AREPO simulations of 
Milky Way-like Galaxy

(Zucker et al. 2019)
Gaia

Pan-STARRS1

glue

Dendroviz

Bayestar

Distance-Velocity 
knitting 
for <5 kpc

 surveys of gas & dust 
(CO, masers, HII, and more)

Spatially-varying reddening 
(Schlafly et al. 2017)

dustmaps
(query tool)

3D Dust v3
“+Gaia”

Green et al. 
2019

 milkyway3d.org 
(open data archive tool)

catalog of 5 
billion stars

2MASS

Prior Work NSF 1614941

Zucker Thesis

ancillary benefits

Prior Work NSF 1739657

Deliverables from 
this proposal

related to WWT

software

data

KEY

Milky Way CO 
Dendrogram

(Rice et al. 
2016)

UKIDSS,
VVV,

DECaPS
GLIMPSE

brutus“Knitting” in 2020 & beyond…





Gaia DR2
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glue 3D

3D Dust
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How/why is this all possible now?
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