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What is the true spatial and kinematic distribution of dense gas in the Milky Way, 
and how does it relate to star formation, and galactic structure? 



The Radcliffe Wave, Alves et al. 2020, Nature

The Local Bubble in Context

Zucker et al. 2022, Nature

The Perseus-Taurus Supershell

Bialy et al. 2021, ApJL

←AR Codes

a “handout”

 Scan this code for



https://doi.org/10.3847/1538-4357/aae97c
https://doi.org/10.3847/1538-4357/ab2388
http://dx.doi.org/10.1051/0004-6361/201936145
http://dx.doi.org/10.1038/s41586-021-04286-5
http://dx.doi.org/10.3847/2041-8213/ac1f95
http://dx.doi.org/10.3847/1538-4357/ac1f96
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Discovery of Nessie IRDC: Jackson et al. 2010; extension & characterization as “Bone” in Milky Way’s plane: Goodman et al. 2014

colored dots show spectral 
line measurements’ 
agreement with velocities 
predicted by Galactic rotation;

 

Galactic Longitude (l)

G
al

ac
tic

 L
at

itu
de

 (b
)

no tilt of plane

with tilt
“p-p-v”

velocity-colored lines show 
±20 pc from  
true Galactic plane

Nessie is a “Bone” of the Milky Way 

160+ pc long, < 1 pc wide → aspect ratio > 300:1
Dust Emission

Extinction

appears to lie in “exact” galactic plane



glue
glue

multidimensional data exploration

video by Tom Robitaille, lead glue developer 
glue created by: C. Beaumont,  M. Borkin, M. Breddels, P. Qian, T. Robitaille, and A. Goodman, PI 

Linked Views of High-dimensional Data (in Python)



A simulated “skeleton”  

≾ 1 filament per square kpc

Simulation: Smith et al. 2014; filament characterization Zucker, Smith & Goodman 2019.

highly resolved section of a simulated Milky Way disk
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Large-Scale 

Herschel Filaments

MST 

“Bones”

“Sun-Like” Synthetic ObservationsActual Observations (Herschel-based)

Observations show a far greater variety of filaments… 
(not all super-skinny, highly-elongated, “Bones”)

Simulation: Smith et al. 2014; filament characterization Zucker, Smith & Goodman 2019.
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Perseus in 4D
Movie shows COMPLETE CO p-p-v map of Perseus 

from Ridge et al. 2006;  
Knitting to 3D dust & graphic from Zucker et al. 2018
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How does 3D Dust Mapping work, and why is Gaia so helpful?
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Can infer matter’s distance from dust’s effects on stars.

Green et al. 2019—thanks Doug, all!

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

3

D

 

D

u

s

t

 

M

a

p

p

i

n

g



Zucker et al. 2019

requires 
special 

regions on the 
Sky  

(HII regions 
with masers)

can be used anywhere there’s dust 
& measurable stellar properties

Can you trust 3D dust?

*thanks Doug, Greg, Eddie, Josh, Catherine…
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What can be learned from good 3D dust maps + spectral-line gas maps?



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 2.7 kpc  long, and 130 pc wide, with 
crest and trough reaching 160 pc out of the Galactic Plane. 


Its gas mass is more than three million solar masses.



The Radcliffe Wave
ACTUALLY 2 IMPORTANT  DEVELOPMENTS

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

DISTANCES!!

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

Zucker et al. 2019; 2020 Alves et al. 2020



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”



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


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
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WHY DIDN’T WE FIND THE RADCLIFFE WAVE SOONER?
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Milky Way Structure as we “know” it.
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2014: How many more Nessie-like Bones?
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2020: The “Radcliffe” Wave
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160 pc amplitude is fine…

Heyer & Dame 2015

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


Open Questions
What is the ORIGIN of the Radcliffe Wave? Collision? Feedback? Other??


Gus Beane’s  & Sarah Jeffreson’s synthetic Milky Ways;  
Alan Tu’s & Ralf Konietzka’s estimates of wave motion; “The Radcliffe Wave at Radcliffe,” 

coming in 2022, including Andi Burkert, Joao Alves, Catherine Zucker & several others


 


Do other parts of the Milky Way show this wavy structure? How about other 
galaxies? How can we SEARCH?


Eric Koch’s ALMA proposal; Beane, Jeffreson simulations 

What do “waves “ mean for the STAR-FORMING HISTORIES of galaxies?


Good question! First maybe we should make some waves in simulations?…




"The Global Dynamical Atlas of the Milky Way mergers: Constraints from Gaia EDR3 based orbits of globular clusters, stellar streams and satellite galaxies", Khyati Malhan et al., Astrophysical Journal 926, 2 (2022)

DOI: 10.3847/1538-4357/ac4d2a

arXiv: https://arxiv.org/abs/2202.07660

MPIA press release: https://www.mpia.de/5830900/news_publ...


Credits: S. Payne-Wardenaar / K. Malhan, MPIA
youtube.com/watch?v=eemvYBcQUlM&list=PPSV


What happens to the Milky Way, according to Gaia? (consider time scales..) 

cf. work of Naidu, Conroy, et al. at the CfA

https://www.youtube.com/redirect?event=video_description&redir_token=QUFFLUhqbk04ZjhVR3oxMUFVV2NsNW91TkpOSGFQZl9GZ3xBQ3Jtc0trSjJVYzBHWkl5Y2x5eWhEY2NDZDJvLTV0OGU0Tkh1U3FSeHZyM2RMTXlIQm0zR2o2bGw5bVVzb1A0N0RmMnZBbXRncUU2MGtFZlVhbURvV2tybHdDblNOQ0hwMVhjNEExNTRucWpvVEM0bEluRXVJUQ&q=https%3A%2F%2Farxiv.org%2Fabs%2F2202.07660
https://www.youtube.com/redirect?event=video_description&redir_token=QUFFLUhqa3J5RUN2QmFuSkF6akg5NHFmalJsdnhlaWRiZ3xBQ3Jtc0trWnBldzBtSjE1Nnoyd3YtMTFXWWJIa0lfclRXSkJ4VUhrd2FrbDhLOWdmMExIbWhsdVNpR1hjdVhxNVFvYkpBMElmWFNqNkNSRGRtRVlrVnBpMkczTnV5ZmFXWE02dmVpbElHMi1xSjVWVTBncktKOA&q=https%3A%2F%2Fwww.mpia.de%2F5830900%2Fnews_publication_18263284_transferred%3Fc%3D5313826
https://www.youtube.com/watch?v=eemvYBcQUlM&list=PPSV
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Impatient to know about the cat photo? 

First, we need to improve distance resolution.



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



Perseus Taurus

Zucker et al. 2021 

These are actual “p-p-p,” pc-scale resolution, 3D maps of molecular clouds.



Perseus



Perseus

Taurus

Perseus & Taurus

appear to touch in our 
2D view of the Sky



But, in real space, 

Perseus & Taurus


lie on opposite sides of a 
~spherical cavity.

Bialy et al. 2021



animation by Jasen Lux Chambers



Perseus Taurus

Zucker et al. 2021 



Bialy et al. 2021

Ask for a demo later, including 2D data.
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What’s even better than a cat photo? 


How about interactive 6D figures showing how stars form all around us?

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


zoom, February 5, 2021

But first, a confession.

2022
LB

NYT, January 25, 2022



A 1,000-light-year wide bubble surrounding 
Earth is the source of all nearby, young stars.


presented by Catherine Zucker

Hubble Fellow, Space Telescope Science Institute  
Research Associate, Center for Astrophysics | Harvard & Smithsonian  

Nature paper by   
Catherine Zucker1,6, Alyssa Goodman1, João Alves2, 


Shmuel Bialy1,3,Michael Foley1, Joshua Speagle4, 

Josefa Grossschedl2, Douglas Finkbeiner1, 


Andreas Burkert5 , Diana Khimey1 & Cameren Swiggum2 
 

(1) CfA | Harvard & Smithsonian;  (2) Univ. Of Vienna; 
(3) University of Maryland; (4) University of Toronto;  

(5) LMU Munich (6) Space Telescope Science Institute
Illustration Credit: Leah Hustak (STScI)







Image credits: Cartoon: Leah Hustak; HL Tau disk: ALMA (ESO/NAOJ/NRAO) ; Ophiuchus nebula: Giuseppe Donatiello

10,000x zoom

10x zoom





We can reconstruct the evolutionary history of our Galactic neighborhood.  



A chain of events beginning 14 
million years ago with powerful 
supernova explosions created a 
gigantic bubble with a surface ripe 
for star formation

We can reconstruct the evolutionary history of our Galactic neighborhood.  



[try the interactive figure] 

“Cartoon” “Real Data”

(Zucker et al. 2022, Nature)

https://faun.rc.fas.harvard.edu/czucker/Paper_Figures/Interactive_Figure2.html


The Local Bubble from the outside in and the inside out



The Local Bubble from the outside in and the inside out



How did the Sun wind up in the bubble? (by accident)

The Sun was 
over 1,000 light 
years away 
when the 
bubble first 
started forming. 



 
The Sun entered the 
bubble 5 million 
years ago and now 
sits near the 
bubble’s center. 

How did the Sun wind up in the bubble? (by accident)



[1] Wallner et al. 2016  
[2]  Breitschwerdt et al. 2016

The timeline is consistent 
with supernova iron 

deposits1,2 in the Earth’s 
crust! 

How did the Sun wind up in the bubble? (by accident)

What does the Sun’s time in 
the bubble mean for Earth?


https://www.nature.com/articles/nature17196
https://www.nature.com/articles/nature17424


Sun’s “luck” (centered in bubble) suggests that bubbles must 
be pervasive across the Galaxy, implying “bubbly” Milky Way


So What?
In the present day, almost every single nearby, young star lies 
on the surface of the Local Bubble 


Supernovae can “sweep up” gas into dense clouds that 
ultimately form new stars (evidence for 50-year-old theory)

We can now explain how all nearby star formation began



1977: C. McKee & J. Ostriker’s 

Multiphase ISM


2017: C.-G. Kim & E. Ostriker’s 

Multiphase ISM’s evolution over 44 Myr


top-down

edge-on 

midplane 

n T



And what (MAYBE!) caused 
the prior star formation 

that caused the Sue that 
caused the Local Bubble?

Click to see what MIGHT have happened... 

https://faun.rc.fas.harvard.edu/czucker/Interactive_Figure3_Alyssa.html


Next?

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
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Next?

Foley et al. 2022:   
A new 6D view of Barnard’s Loop (& Orion)



1 pc

100 pc

PHANGS-MUSE, with ALMA, VLT; (cf PHANGS HST)

Can we see these short term, “small”-scale, phenomena beyond the Milky Way?

 Image of carbon monoxide emission from six of the 74 galaxies in the PHANGS-
ALMA survey.  almascience.eso.org/alma-science/galaxies-and-galactic-nuclei 

Not quite (yet)

http://english.tachyonbeam.com/2021/07/17/stellar-nurseries-revealed-in-phangs-muse-survey-images/
http://www.eso.org/sci/publications/messenger/archive/no.177-sep19/messenger-no177-36-41.pdf
http://www.eso.org/sci/publications/messenger/archive/no.177-sep19/messenger-no177-36-41.pdf
https://almascience.eso.org/alma-science/galaxies-and-galactic-nuclei


Zooming in on 
with JWST— 
public data coming soon…



Patricia Udomprasert:  
Cosmic “Data Stories” using the Radcliffe Wave data to teach 
data science to high-school/college students

Gus Beane: A Realistic 
Milky Way in AREPO Shlomo Cahlon: 2-D vs. 3-D in Mass-Size Relations (2022)Michael Foley:  

Barnard’s Loop in 3D, and 
similar structures in simulations

Ralf Konietzka: Are the Radcliffe 
Wave & the Split moving with 
respect to each other, and/or 

Galactic rotation? (2022)

Eric Koch : A 10-pc-scale—resolution follow up to PHANGS 
(2022 proposal to ALMA)

Sarah Jeffreson & Maya Skarbinski: 
Role of mergers in determining cloud properties, in simulations (2022)

Alan Tu:  Is the Radcliffe Wave Oscillating? (2022)

(Some of) what’s next for the “New Milky Way” at Harvard/CfA/Radcliffe, and who to talk with to learn more…

Apologies for not listing the MANY collaborators on each of these projects also here today—please introduce yourselves…

Goodman/Alves/Zucker: 
“The Radcliffe Wave at Radcliffe” 

(an Accelerator Workshop in 2022)

2022 REU: The Magnetic Field of the 
Local Bubble, in 3D (with Jesse Han)

Next?
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for the web,
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link data files’ 
attributes

highlight live or 
algorithmic selections


with Boolean logic

custom buttons, features

user config.py file
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access to all matplotlib functions 
through built-in IPython terminal

run & interact with glue from  
Jupyter notebook & other tools

glueviz.org


http://glueviz.org


extra slides



Visual Choices & Discovery




