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figure, by M. Borkin, reproduced from Goodman 2012, “Principles of High-Dimensional Data Visualization in Astronomy”

John Tukey

http://adsabs.harvard.edu/abs/2012AN....333..505G
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AAS WorldWide Telescope: worldwidetelescope.org glue: glueviz.org

“Seeing” The Radcliffe Wave, in 3D
glue

multidimensional data exploration

http://worldwidetelescope.org
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What is ?



It’s not an acronym. 



It is open-source software that
glues data, 
glues graphs & 
glues tools.



numbers (tables, arrays, spreadsheets)

data cubes

data

images & maps (FITS, JPEG, GIS and more)

(3D, 4D, and more)



data files’ common attributes are glued 



avoiding the need to merge data files



“graphs”
common statistical graphics

(scatterplots, histograms, tables, curves, overlays)

maps & images
(greyscale, color, contours, layer control…)

3D displays
(scatter plots, volumetric rendering, sliders…) 

specialized & custom charts
(dendrograms, polar plots, + domain-specific options) 





selections propagate across all graphs



for real-time data exploration & insight 



tools

web services (across domains)

plug-ins (user-defined formats, plots, layouts…)

command-line (built-in terminal, scriptable )





for easy customization



glues data, 
glues graphs & 
glues tools.

glueviz.org



save “sessions” to continue where you left off
export graphics
use/export to Jupyter environments
export to plot.ly (javascript)
export to augmented reality

learn how at glueviz.org.

BONUS: save, share, or publish what you learn—

http://plot.ly


glueviz.org

supported by solutions
glue
inc
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Welcome to a new view of the Milky Way... in 3D!   
MilkyWay3D.org is an open-data open-source discovery hub, providing data, visualization, and research tools for studying the MilkyWay in 3D.

 SCIENCE  INFRASTRUCTURE  EDUCATION & OUTREACH 

TEAM: Harvard/Smithsonian CfA (Jonathan Carifio, Alyssa Goodman, Ralf Konietzka, Theo O’Neill, Patricia Udomprasert, Catherine Zucker), AMNH (Brian Abbott, Micah Acinapura, Carter Emmart, Jackie 
Faherty);  Linkoping University  (Alex Bock) ; University of Vienna  (Joao Alves, Sebastian Ratzenbock); glue solutions, inc./Aperio (Thomas Robitaille); University of Wisconsin, Whitewater (Bob 
Benjamin),  STScI/Johns Hopkins  (Josh Peek),  Max Planck IfA  (Gordian Edenhofer); Northeastern University (Michelle Borkin); and YOU?!

stellar positions, clusters, motions

topology, positions & motions of (long) features 

tracers of feedback & magnetic fields

details on star-forming regions…and more! 

enabling studies of how galaxies turn 

gas into stars, using…
assembling data as a community, 

using modern, open-source practices

making data accessible online for decades

linking position and motion across dimensions, 
using the modular architecture enabled by LIVE  
(LIVE-Astro  elements include glue, WWT, OpenSpace & more)

Digital 
Universe

 Lead: Alyssa Goodman, CfA  Lead:  Catherine Zucker, CfA 

connecting real research data, 
software, and science to learners

“Cosmic Data Stories” 
teach data science using 
astronomical data & tools

real-time data exploration  
anywhere, including in planetaria

 Lead:  Jackie Faherty, AMNH 

 INFRASTRUCTURE  EDUCATION & OUTREACH 

glue
multidimensional data exploration

http://live-env.org
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glue
multidimensional data exploration

2008 2012 2022 2023

Just in case you want to win the jargon/history/context prize at the end…

“MilkyWay3D.org" is the “demonstration Project for “LIVE-Astro,”  
which builds on our earlier work on first, WorldWide Telescope, then glue

 +extra credit: The James Webb Space Telescope 
(JWST) “Jdaviz” tools are built using “glupyter”

http://live-env.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://milkyway3d.org
http://glueviz.org
http://glueviz.org
http://glueviz.org
http://glueviz.org
http://glueviz.org
http://glueviz.org
https://worldwidetelescope.org/webclient/
http://MilkyWay3D.org


“The Milky Way”

“The Milky Way”

“The M
ilky W

ay”

https://worldwidetelescope.org/webclient/#/place=All-Sky_Surveys&imagery=Deep_Star_Maps_2020&ra=18.42376&dec=-7.59642&fov=60.00000
https://sky.esa.int/esasky/?target=204.8874215953344%20-51.40554438188749&hips=Mellinger+color&fov=180&cooframe=J2000&sci=true&lang=en


WHERE ARE WE?



WHERE ARE WE?



our Universe contains MANY billions of galaxies

WHERE ARE WE?



ours is called “The Milky Way” and it contains about 1 hundred billion stars



around most of the stars are systems of planets (ours is called “The Solar System”) 



our home planet is Earth



Earth resides in the Solar System, around the Sun, which is one of MANY stars,
INSIDE the Milky Way,



Earth resides in the Solar System, around the Sun,
INSIDE the Milky Way,

which is one of MANY stars,
which is one of MANY galaxies, in our Universe 



Earth resides in the Solar System, around the Sun, which is one of MANY stars,

Remember, please 
this SCHEMATIC diagram is 
NOWHERE CLOSE to scale.

which is one of MANY galaxies, in our Universe INSIDE the Milky Way,



…cartoon!

And, actually, that boring blue 
box likely looks something 
more like this…



…and we are buried INSIDE the Milky Way.



MILKYWAY3D.org

Join us, contribute, and yes, you get a T-Shirt.

Welcome to a new view of the Milky Way... in 3D!   
MilkyWay3D.org is an open-data open-source discovery hub, providing data, visualization, and research tools for studying the MilkyWay in 3D.

 SCIENCE  INFRASTRUCTURE  EDUCATION & OUTREACH 

TEAM: Harvard/Smithsonian CfA (Jonathan Carifio, Alyssa Goodman, Ralf Konietzka, Theo O’Neill, Patricia Udomprasert, Catherine Zucker), AMNH (Brian Abbott, Micah Acinapura, Carter Emmart, Jackie 
Faherty);  Linkoping University  (Alex Bock) ; University of Vienna  (Joao Alves, Sebastian Ratzenbock); glue solutions, inc./Aperio (Thomas Robitaille); University of Wisconsin, Whitewater (Bob 
Benjamin),  STScI/Johns Hopkins  (Josh Peek),  Max Planck IfA  (Gordian Edenhofer); Northeastern University (Michelle Borkin); and YOU?!

stellar positions, clusters, motions

topology, positions & motions of (long) features 

tracers of feedback & magnetic fields

details on star-forming regions…and more! 

enabling studies of how galaxies turn 

gas into stars, using…
assembling data as a community, 

using modern, open-source practices

making data accessible online for decades

linking position and motion across dimensions, 
using the plug-in architecture enabled by glue  

(plug-ins include WorldWide Telescope, OpenSpace & more)

Digital 
Universe

 Lead: Alyssa Goodman, CfA  Lead:  Catherine Zucker, CfA 

connecting real research data, 
software, and science to learners

“Cosmic Data Stories” 
teach data science using 
astronomical data & tools

real-time data exploration  
anywhere, including in planetaria

 Lead:  Jackie Faherty, AMNH 



2 MilkyWay3D.org founders wearing the colors (grad student Theo O’Neill & AMNH’s Dr. Jackie Faherty, at the Flatiron Insitute,  NYC, Fall 2023  

http://MilkyWay3D.org
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glue+3D dust maps= 
the “New” Milky Way

glue➞glupyter➞LIVE-Astro, LIVE-Bio, LIVE-GIS

What’s 
LIVE? 

What’s 
MilkyWay3D

.org?

Why 
Linked 
Views? 

 
Why glue? glue

multidimensional data exploration

AR for Science and Outreach
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The Radcliffe Wave
presented by Alyssa Goodman,  

Center for Astrophysics | Harvard & Smithsonian,  
Radcliffe Institute for Advanced Study

Nature paper by:  João Alves1,3, Catherine Zucker2, Alyssa Goodman2,3, 
Joshua Speagle2, Stefan Meingast1, Thomas Robitaille4, 

Douglas Finkbeiner3, Edward Schlafly5 & Gregory Green6 

representing  
(1) University of Vienna; (2) Harvard University;  

(3) Radcliffe Insitute; (4) Aperio Software;  
(5) Lawrence Berkeley National Laboratory;  

(6) Kavli Insitute for Particle Physics and 
Cosmology 

2020



The Radcliffe Wave

CARTOON*

DATA

*drawn by Dr. Robert Hurt, in collaboration with 
Milky Way experts based on data; as shown in 

screenshot from AAS WorldWide Telescope



The Radcliffe Wave

video created by the authors using AAS WorldWide Telescope  
(includes cartoon Milky Way by Robert Hurt)

Each red dot marks a star-forming 
blob of gas whose distance from us 
has been accurately measured.

The Radcliffe Wave is 9000 light years long, and 400 light years wide, 
with crest and trough reaching 500 light years out of the Galactic Plane.  

Its gas mass is more than three million times the mass of the Sun.



Distances estimates BEFORE 3D dust mapping & Gaia (~30%)SCHEMATIC CARTOON(!)

Uncertain Distances

DISTANCES!! 
We can now 
measure distances 
to gas clouds in our 
own Milky Way 
galaxy to ~5% 
accuracy.



Distances estimates AFTER 3D dust mapping & Gaia (~5%)SCHEMATIC CARTOON(!)

"The Radcliffe Wave”



HOW= 3D dust mapping*  

+ Gaia*  

+ glue*  

+ WorldWide Telescope

glue
multidimensional data exploration

*2 million CPU hours, Harvard *800 million stars, ESA *NASA/JWST, NSF *Microsoft Research, NSF, AAS



Extinctio
n & Reddening, fro

m Color Im
aging

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

Green et al. 2019

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



glue
multidimensional data exploration

AAS WorldWide Telescope: worldwidetelescope.org glue: glueviz.org

“Seeing” The Radcliffe Wave, in 3D

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


AAS WorldWide Telescope: worldwidetelescope.org glue: glueviz.org

It’s not apparent in 2D on the Sky.              
WHY DIDN’T WE FIND THE RADCLIFFE WAVE SOONER?

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


Gaia DR2

glue 3D

3D Dust

WWT

Maser VLBI
-20 -15 -10 -5 0

WHY DIDN’T WE FIND THE RADCLIFFE WAVE SOONER?

glue
multidimensional data exploration

Today2015201020052000



João Alves, Catherine Zucker, Alyssa Goodman, Joshua Speagle, Stefan Meingast, Thomas 
Robitaille, Douglas Finkbeiner, Edward F. Schlafly,  and Gregory Green 2020, Nature (today)

The Radcliffe Wave
click the figure to launch interactive…

Alves et al. Nature paper & two distance catalog papers by Zucker et al. (2019, 2020) include several interactive figures (via plot.ly & 
bokeh), and deep links to data (on Dataverse) and code (on GitHub) inspired by AAS “Paper of the Future” (Goodman et al. 2015) 

Top-down view End-on view

Side view

CMa

Orion

North America

Cyg-X

Orion

CMa
Cyg-X

North  
America

Orion

Cepheus

500 pc

500 pc

RADWAVE 
Surprising wave-
like arrangement 
of star-forming gas 
is the “Local Arm” 
of the Milky Way.

https://doi.org/10.1038/s41586-019-1874-z
https://iopscience.iop.org/article/10.3847/1538-4357/ab2388
https://arxiv.org/abs/2001.00591
http://plot.ly
https://www.authorea.com/users/23/articles/8762-the-paper-of-the-future
https://faun.rc.fas.harvard.edu/czucker/Paper_Figures/radwave.html


RADWAVE 
Surprising wave-
like arrangement 
of star-forming gas 
is the “Local Arm” 
of the Milky Way.

demise of “Gould's Belt” 

end to 100-year-old paradigm 

“Local Arm" not shaped as we thought it was, locally 

arm is “straight" from top-down 

big wave in “arm” never previously observed 

wave’s origin unknown (collision? dark matter? 
accretion?)

“So What,” for Astronomers?



2 kpc

Zucker et al. 2020; Zucker & Speagle et al. 
2019;  Alves et al. 2020; Green et al. 2019 Leike, Glatzle, & Enßlin 2020

750pc

glue
multidimensional data exploration

2019 to 2021: from distances to shapes

100 pc

Zucker et al. 2021; 
Leike, Glatzle, & Enßlin 2020



2020 20222021
2024 2024



2021



Bialy et al. 2021

Ask Luca & Arzu for more info!



2020 2021
2024 2024

2022



2022

2022



zoom, February 5, 2021

The truth…

2022
LB

NYT, January 25, 2022



“An elaborate animated map”
— Dennis Overbye, NY Times

Figure 1, Zucker et al. 2022, Nature

https://www.nytimes.com/2022/01/20/science/milky-way-local-bubble-stars.html
https://faun.rc.fas.harvard.edu/czucker/Paper_Figures/Interactive_Figure1.html
https://www.nature.com/articles/s41586-021-04286-5


—skipping 12 slides with the cool LB story—



“Next” (from 2022)

How do we SEARCH 
for other bubbles? 

Can observations 
now measure 

supernova 
feedback’s effect on 
galaxy EVOLUTION? 

How do these bubbles 
INTERACT with each other?

[try the interactive fi 

What do bubbles have to do 
with SPIRAL structure? 

Anything?

 Local Bubble model [Pelgrims et al. 2020] , Superbubble expansion model [El-Badry et al. 2019], 3D Dust Maps [Leike et al. 2020, Lallement et al. 2019]   

https://faun.rc.fas.harvard.edu/czucker/Paper_Figures/Interactive_Figure1.html
https://faun.rc.fas.harvard.edu/czucker/Paper_Figures/Interactive_Figure1.html


June 
2024

—skipping to last month—



from O’Neill et al. 2024 “The Local Bubble is a Local Chimey"

“Everything, Everywhere, All at Once” 



bubbles  
form & expand

clouds 
form

clouds merge/evolve/ 
change shape/disappear

stars are  
born

stars blow 
stuff out 

galaxies  
form

galaxies accrete/merge 
evolve/change shape

bubbles  
overlap/merge 

disappear

“Everything, Everywhere, All at Once” 



>Gyr

bubbles  
form & expand

clouds 
form

clouds merge/evolve/ 
change shape/disappear

stars are  
born

stars blow 
stuff out 

galaxies  
form

galaxies accrete/merge 
evolve/change shape

bubbles  
overlap/merge 

disappear

~10 Myr

~100 Myr

~1 Myr

~1 to >100 Myr
~10s of Myr

~Myrs

~10 to 100 Myr

“Everything, Everywhere, All at Once” 



Zucker et al. 2021, Bialy et al. 2021; Zucker et al. 2022, Konietizka et al. 2024,  O’Neill et al. 2024, Swiggum et al. 2024*.  *embargoed

SO FAR



glue
multidimensional data exploration

2008 2012 2022 2023

recent offspring of glue, including (way) beyond astronomy

2018 2019 20212020 2021

SAVE

2024

LIVE-GIS

2021
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glue
multidimensional data exploration

2008 2012 2022 2023

And there are MANY collaborators & supporters for all of these efforts!!!

2018 2019 20212020 2021

SAVE

2024

LIVE-GIS

2021
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LIVE-env.org
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very early prototype/POC from Maarten Breddls, showing the google-modelviewer in glue-Solara, then on the phone, and on the quest 3… 

This one is “LIVE” (real-time updating)
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