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100, nO one knew that. . .

4 ot (2.7 kpc-long) “wave” of star-forming regions (Alves et al. 2020, named
“The RYGaKY N ") waving up & down (P=90 Myr; Konietzka et al. 2024) along the
“Local Arm” C @@2‘/ Yay, the Sun passed through it ~13 Myr ago (Maconi et al.

2024*); and a magIn & Ny R along it (Panopolou 2024%).

0;
Nearly all star forming regio \80/7 a0 pc of the Sun lie on the “surface” of the

’ 83
Local Bubble (Zucker et al. 2022) S //@ L ally a Local Chimney (O'Neill et al.
2024*), and we can estimate what its B-T1¢ VL - in 3D (O'Neill et al. 2024%).

O d

We.
The Perseus and Taurus star-forming regions lie O o £ o, g of a “shell,” with
Perseus in the Radcliffe Wave, and Taurus smooshed bet™ "m W al Bubble & the

“PerTau Shell” (Bialy et al. 2021). °//e69
&

44 . . @
Most nearby young star clusters formed in three massive complexes” g

(Swiggum et al. 2024%).

*submitted, embargoed, or in prep, ask



TONIGHT: Making a 3D Movie of the Star-Forming
Milky Way | never thought I'd see, with my friends

Catherine Zucker, Center for Astrophysics | Harvard & Smithsonian; Jacqueline Faherty, American Museum of Natural History; Joao Alves, University of Vienna;
Brian Abbott, American Museum of Natural History; Micah Acinapura, American Museum of Natural History; Robert Benjamin, University of Wisconsin,
Whitewater; Gordian Edenhofer, Max Planck Insitute for Astrophysics—> CtA; Carter Emmart, American Museum of Natural History; Douglas Finkbeiner, Center
for Astrophysics | Harvard & Smithsonian; Ralf Konietzka, Center for Astrophysics | Harvard & Smithsonian; Theo O'Neill, Center for Astrophysics | Harvard &
Smithsonian; Andrew Saydjari, Center for Astrophysics | Harvard & Smithsonian—>|AS; Robert Hurt, IPAC, and the Full MilkyWay3D.org Team,

++...see "Collaborators” at MilkyWay3D.org.

Alyssa A. Goodman Center for Astrophysics | Harvard & Smithsonian
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: star-forming nebulae "Messier” Objec:ts - galaxies

Mes-sier, Charles
| 'mesia, mesye, mese'a, mesya |
(1730-1817), French astronomer. He discovered

a humber of nebulae, galaxies, and star
clusters, which he designated by M numbers.

mess-y | 'mese | adjective (messier | 'meséar |
messiest | 'meséist |)
1 untidy or dirty: his messy hair.
- generating or involving mess or
untidiness: stripping wallpaper can be a more

images all from Hubble Space Telescope


https://science.nasa.gov/mission/hubble/science/explore-the-night-sky/hubble-messier-catalog

STARS (@ GALAXIES [ NEBULA EXOTIC @ EXOF

Start the presentation to see live content. Still no live content? Install the ' help at PollEv.com;
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WHERE ARE WE?

our Universe contains MANY billions of galaxies







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,

the Milky Way,



resides in the Solar System, around the Sun, which is one of MANY stars,
INSIDE the ~which is one of MANY ~in our Universe




Remember, please
this SCHEMATIC diagram is

NOWHERE CLOSE to scale.

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



And, actually, that boring blue
box likely looks something

more like this...
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...cartoon!



~...and we are buried]INSIDEJthe Milky Way.
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WorldWide Telescope Explore Guided Tours

Search Communities (m Settings

Use Layer Manager to

Control User Settings Name My Location

Lat 42:34:13 Alt 100.0m
- Lng -88:33:18
"™\ View From This Location | ge!up

Layers
B & Sun

« Mercury
« Venus
¥ Earth
< Mars
< Jupiter
& Saturn
& Uranus
& Neptune
¥ Pluto
B & Sky
B ™ Overlays
& (v| Constellations
Constellation Pictures
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Constellation Boundaries
Constellation Names
B (v|Grids
Equatorial Grid
| Galactic Grid

[ AltA> Crid

Time Scrubber

Real Time

« Galactic Plane Mode

View in ESASky

esa

c. 2010
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Infant Solar Syste.... Infant solar syste... Rho Ophiuchi

"&8" Tracking <
10f13
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Rho Ophiuchi 2MASS J162813...
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https://nova.astrometry.net/user_images/10168280#annotated

E. E. Barnard

THE

ASTROPHYSICAL JOURNAL

AND ASTRONOMICAL PHYSICS

VOLUME XLIX JANUARY 1919 NUMBER 1

ON THE DARK MARKINGS OF THE SKY RESMERR S T e 00 O T R A
WITH A CATALOGUE OF 182 SUCH OBJECTS GonaERER SN MR 000 s Sl e b
By E. E. BARNARD T e . AU RS A

It would be unwise to assume that all the dark places shown TG A e C y “ Lok Deaenty,
on photographs of the sky are due to intervening opaque masses AR Oy ' B e AR L
between us and the stars. In a considerable number of cases no
other explanation seems possible, but some of them are doubtless
only vacancies.

I do not think it necessary to urge the fact that there are obscur-
ing masses of matter in space. This has been quite definitely
proved in my former papers on this subject. If any doubt remains
of this it will perhaps be readily dispelled by a close examination
of the photographs previously printed. The conclusive ones I
think are:

1. The photograph of the nebula about Nu Scorpii* which
clearly shows partial and complete obscuration by the great wing-
like nebula that covers much of the immediate region of Nu Scorpii
and extends southward to the great nebula of Rho Ophiuchi. Gl S TR A ¥ R R L

2. The region of Rho Ophiuchi, where a large space of sky is ot e e S P SR P .
blotted out by a great and beautiful nebula.? The fact of obscura- e ot e ST g e Sy A | T DRI PR | A0
tion is clearly evident here, for wherever a trace of the nebula Tt e e RN e Rh@ h[l@]@hujg

de® e . LW 4

. ® ¢
~
.r - . “'

. Lad
-

'_'...'-._- ; -
.Q.."?- o e Lol o ¢

* Astrophysical Journal, 31, 1910, Plate I, facing p. 8. o G
2 Ibid., Plate Ila, facing p. 10. 8. WORLDWIDE e I8

TELESCOPE



https://nova.astrometry.net/user_images/10168280#annotated
http://www.worldwidetelescope.org/wwtweb/ShowImage.aspx?reverseparity=False&scale=24.094556&name=Bar-pt1-pl013_sm.jpg&imageurl=https://nova.astrometry.net/image/24841056&credits=Astrometry.net+User+(All+Rights+Reserved)&creditsUrl=&ra=245.230029&dec=-21.599528&x=852.3&y=1025.0&rotation=178.38&thumb=https://nova.astrometry.net/image/24841058
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Nancy Grace Roman

comingin ~2026

with her accomplishment,

The Hubble Space Telescope,
launched 1990

@Yerkes, 1948



NANCY GRACE



https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333
https://worldwidetelescope.org/webclient/#/place=76.16&ra=18.31450&dec=-13.84000&fov=0.13333

While this is wondertul, it's a 2D view. Not good enough.
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But first, let's go back a decade+



AONN

Completely

C®'PLETE =

Alyssa Goodman,
Harvard-Smithsonian Center for Astrophysics

COMPLETE

up to Fall 2011

Joao Alves
Hector Arce
Chris Beaumont*
Michelle Borkin#*
Paola Caselli
James Di Francesco
Jonathan Foster*
Alyssa Goodman (PI)
Mark Heyer
Doug Johnstone
Jens Kauffmann
Helen Kirk*
Di Li
Jaime Pineda*
Naomi Ridge
Erik Rosolowsky
Scott Schnee*
Rahul Shetty
Mario Tafalla

*=COMPLETE Ph.D.

+many thanks to special friends of COMPLETE: Hope Chen, Michael Halle, Marco Lombardi, Phil
Myers, Stella Offner,Tom Robitaille, c2d Team, co-authors, undergrad interns...


http://www.worldwidetelescope.org/COMPLETE/WWTCoverageTool.htm

2011

Serpens

- C®/PLEIL

The COordinated Molecular Probe Line Extinction Thermal Emission
Survey of Star-Forming Regions

www.cfa.harvard.edu/ COMPLETE
tinyurl.com/completepapers



http://www.cfa.harvard.edu/COMPLETE
http://tinyurl.com/completepapers

What we could do in 2011...(and what we really wanted)

p-p-v space: Not exactly “3D” true 3D with velocities (a.k.a. 6D)

“b-p-v” or z
v, only from “position-
“spectral-line position-velocity™
maps” space




| [\ mm peak (Enoch et al. 2006) .

’iﬁié"@"e“"éc @/\/\P L ClE Pe 'sSseus x thiteenCO_240.tF

2 O 1 1wew Sleg 1909 2122 sub-mm peak (Hatchell thirteenCO_249.tif
WL: 63 WWwW: 127 et al. 2005, Kirk et al. 2006) thirteenC0_249 tif

thirteenCO_249.tif

e e e e N e R e R R R S B e et 13CO (Ridge et al. 2006) 0
.i,),. -4 P > . . . . T S L Tty '°".'., PR G i T R RO S LI . :',';‘. LSy s

7 s 0% . g . ) : o o :. . ¢ ..' .o . . s - ;_. 354 %4 . ;-. ..._ & 3 Tk ® * « dy . .

o Yy oo ot O N g TR 8 S 1 Rt TR I SRR S AR R R IR, VIR mid-IR IRAC composite

. J ... . ./.\,)—/‘ /ﬁf~\\\:\~7 1 . > R . ‘£ b *ue 7 '.. ...:' ;" e '.. S5 .o o % B :o'.;.". < . ..' TSN LS | . I ot ;:. B 5 A
o WL o Kﬂf\ Y 7 } | »o i - .’-:,- Roths SR 2t .. ¢ £ . . '- 3 rord, e £ "-"'_3-. from C2d data (Foster,
. \ o 1 S R SRRy ' SR T S U Laakso, Ridge, et al. in prep.)

Optical image (Barnard 1927)
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64 L

11:04:52 AM
7/26/05
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AONN

Real 3D

“KEITH

“z” is depth into head

b-p-v looks like it, but it isnt REAL 3D

“PERSEUS”

Image size: 520 x 274
View size: 1305 x 733
WL 63 Ww: 127

Im: 21/249
Zoom: 227% Angle: 0

thirteen
thirteen
thirteen
thirteen

CO_249.tif
CO_249.tif
CO_249.tif
CO_249.tif
0

“z” is line-of-sight velocity

11:04:53 AM
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TRUE 3D

p-p-v space: not exactly “3D" "l never thought I'd see”

——— “"PERSEUS in 4D”

~ ol
R Ao
‘ A

. ' : >
» " .
* { '\ -~ 4
e e 2
~ »
R >
Kl Py - “._“"
e y ] o |

t'*.‘.“« _l‘ |

2011 02'1'.-.,

Ridge et al. 2006 Zucker etal. 2021
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5 C
The magic [e
._|:) 32
beganin 2018, IR
. o
with Perseus
> 1
.4:
\g :
O
9,
= °lb
“magic”=effective L
3D dust mapping Rk
2
Movie shows COMPLETE CO p-p-v map of Perseus L
from Ridge et al. 2006; O °"°

Knitting to 3D dust & graphic from Zucker et al. 2018
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Green et al. 2019

WARNING: schematic diagram, to scale (credit A. Goodman, 2019)



Green et al. 2019

2014 2015 2018 2021 2022



MAAANE

Welcome to a new view of the Mi|H\_j \/\/EI\_j... n JUJ

INFRAGTRUCTURE <

assembhng data as a Commumijtg,

=],
Mi|H\4\/\/a\43D.org iS5 an Dpen—da{a open-source discoverq hub, providing data, visualization, and research tools for s{udging the Mi|H\4\/\/a\4 in 30

using modern, open-source practices

% glue
ey \

WORLDWIDE
TELESCOPE

OpenSpace

inking position and motion across dimensions,

using the p|ug—in architecture enabled |:1\4 g|ue
(p|ug-ins include WorldWide Te|escope, DpenGpace B more)

RCHIVE
i

E £
A &
S0osz1as F

Dataverse‘é

maHing data accessible online for decades

Lead: Alyssa Goodman, LA

Benjamin), STScl/Johns Hopkins (Josh Peek), Max Planck IfA (Gordian Edenhofer); Northeastern University (Michelle Borkin); and YOU?!

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

Join us, contribute, and yes, you g’ejt a |-

> LLIENCE <

[m] s [m]

SCAN ME

enab|ing studies of how ga|a><ies turn

gas into stars, using...

stellar posi{ions, clusters, motions

J(DpD|Dg\_/, posijtions B motions of (|ong) {eatures

tracers of feedback B magnetic fields

s

details on sjtar-n[orming regions...and more!

Lead. Latherine Zucker, LA

>

EOUCATION B OUTREACH

connecting real research data,

SD-[J(\A/EIFE, EIﬂCI science J(C] |EEII’HEFS

OpenSpace

real-time data exploration

anywhere, including in planetaria

CosmicDS

“Cosmic Data Ctories”

teach data science using

astronomical data B tools

Lead. Jackie Eaher{q, 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

2014 2015 2018 2020 2021 2022 2022
2024
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020 The Radcliffe Wave

presented by Alyssa Goodman,
Center for Astrophysics | Harvard & Smithsonian,
Radcliffe Institute for Advanced Study

Nature paper by: Joao Alves'.3, Catherine Zucker?, Alyssa Goodman2:3,
Joshua Speagle?, Stefan Meingast!, Thomas Robitaille?,
Douglas Finkbeiner3, Edward Schlafly> & Gregory Green¢

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



. *drawn by Dr. Robert Hurt, in collaboration with

. \‘\

Milky Way experts based on data; as shown in
screenshot from AAS WorldWide Telescope



S~
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The Radcliffe Wave IS 9000 Ilght years_ Iong and 400 Ilght years W|dew.,
with crest and trough reaching®500 light years out of the Galactic Plane:

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

~ -

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



ACTUALLY 2 IMPORTANT DEVELOPMENTS

We can now Surprising

to gas clouds in our of star-forming gas
own Milky Way is the “Local Arm”
galaxy to ~5% of the Milky Way.

accuracy.


https://iopscience.iop.org/article/10.3847/1538-4357/ab2388

“Why should I believe all this?” 3000

2500 -
o)
. £ 2000-
We can now requires %
special O
regions on the  1500-
to gas clouds in our Hilregions &
own Milky Way with masers) g 1000
=

galaxy to ~5%
accuracy.

500 -

0 500 1000 1500 2000 2500 3000
Dust Distances (pc)

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

Zucker et al. 2019



DISTANCES!!
We can now

measure

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



. "The Radcliffe Wave”

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



HOW = 3D dust mapping*
+ Gaia*

+ glue*

+ WorldWide Telescope

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



Data Collection 3 g multidimensional de ation
Data 3D Scatter LE:I'I_l

. Possible Wave Models 3D Volume Rendering
. Best Fit Wave Model

. CO Gas (Local)

. Gould's Belt (Perrot & Grenier 2003)
@ Green 2019 3D Dust

. Local Arm Fit (Reid+2016)

‘ Major Cloud Catalog

. Maser Catalog (Reid+2014,2016)
‘ Sagittarius Arm Fit (Reid+2016)

‘ Tenuous Connections

Sun

Subsets
‘ o~ taa 0L A e A A

Plot Layers - 3D Volume Rendering

B Radwave (Sun)
. Local Arm Masers (Sun)
B sagittarius Arm Masers (Sun)

Sun ' _ © O 3D Volume Rendering

. RadWave (Major Cloud Catalog) . - - @
B Tenuous Connections < ﬁ v @ -' ¢z % EE :.

WorldWideTelescope
Attribute: = PRIMARY

Limits:

Plot Options - 3D Volume Rendering

X axis Pixel Axis 2 [x] ﬁ
min/max: 38.2241 1160.78

stretch:

y axis Pixel Axis 1 [y] d
min/max: 38.2241 1160.78

stretch:

z axis Pixel Axis 0 [z] d
min/max: 5.95402 193.046
stretch:

reference: Green 2019 3D Dust

S ' : y Screenshot

resolution: 256

. worldwidetelescope.org . glueviz.org


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

WHY DIDN'T WE FIND THE RADCLIFFE WAVE SOONER?

It's not apparent in 2D on the Sky.

. Gould's Belt (Perrot & Grenier 2003)
. Green 2019 3D Dust

. Local Arm Fit (Reid+2016)

. Major Cloud Catalog

@ Maser Catalog (Reid+2014,2016)
. Sagittarius Arm Fit (Reid+2016)

. Tenuous Connections

Sun
Subsets
. Sagittarius Arm Masers

. Local Arm Masers
. RadWave

Plot Layers - WorldWideTelescope (WWT)

v . RadWave (Major Cloud Catalog)
. Local Arm Masers (Major Cloud Catalog)

. Sagittarius Arm Masers (Major Cloud Catalog

v I Major Cloud Catalog
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Surprising

of star-forming gas
is the “Local Arm”

of the Milky Way.
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Joao Alves, Catherine Zucker, Alyssa Goodman, Joshua Speagle, Stefan Meingast, Thomas

Robitaille, Douglas Finkbeiner, Edward F. Schlafly, and Gregory Green 2020, Nature (today)

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)



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

"So What,” for Astronomers?

demise of “"Gould's Belt”

Surprising end to 100-year-old paradigm

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

of star-forming gas

is the “Local Arm” arm is “straight” from top-down

SRGERVIISAYEYAN big wave in “arm” never previously observed

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




Do other parts of the Milky Way show this wavy

structure? How about other galaxies?
How can we SEARCH?

What do “waves ” mean for the
- STAR-FORMING HISTORIES of galaxies?
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Galaxy. Its existence was first presented officially in a paper published in Nature on January 7, 2020. This website offers . ;
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2019 to 2021: from distances to shapes
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Zucker et al. 2020; Zucker & Speagle et al. , , Zucker et al. 2021,
2019; Alves et al. 2020; Green et al. 2019 Leike, Glatzle, & Enf3lin 2020 Leike, Glatzle, & EnBlin 2020
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Welcome to a new view of the Milky Way... in 30!
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By mapping a region devoid of
gas and dust, scientists learn
"more about star formation.

|QNUST A BIT TOO LATE for New Year celebra-
tions, astronomers have discovered that
the Milky Way galaxy, our home, is, like
champagne, full of bubbles.

As it happens, our solar system is pass-
ing through the center of one of these bub-

‘Ibles. Fourteen million years ago, according
to the astronomers, a firecracker chain of
Supernova explosions drove off all the gas
and dust from a region roughly 1,000 light-
Years wide, leaving it bereft of the material
needed to produce new generations of
stars.

As a result, all the baby stars in our
neighborhood can be found stuck on the
edges of this bubble. There, the staccato
force of a previous generation of exploding
stars has pushed gas clouds together into
forms dense enough to collapse under their
own ponderous if diffuse gravity and con-
dense enough to ignite, as baby stars. Our
sun, 4.5 billion years old, drifts through the
middle of this space in a coterie of aged
stars.

“This is really an origin story,” Catherine
Zucker said in a news release from the Har-
Vard-Smithsonian Center for Astrophysics.
“For the first time, we can explain how all
nearby star formation began.”

Dr. Zucker, now at the Space Telescope
Science Institute in Baltimore, led a team
that mapped what they call the Local Bub-

. ble in remarkable detail. They used data
“'from a number of sources, particularly
~'Gaia, a European spacecraft, that has

“mapped and measured more than a billion
stars, to pinpoint the locations of gas and
dust clouds.

Last year, a group of scientists led by
Joao Alves, an astrophysicist at the Univer-
sity of Vienna announced the discovery of
the Radcliffe Wave, an undulating string of

‘dust and gas clouds 9,000 light-years long
that might be the spine of our local arm of
the galaxy. One section of the wave now ap-
bears to be part of our Local Bubble.

. The same group of scientists published
their latest findings in Nature, along with
an elaborate animated map of the Local

_Bubble and its highlights.

The results, the astronomers write, pro-
vide “robust observational support” for a
long-held theory that supernova explo-
sions are important in triggering star for-
mation, perhaps by jostling gas and dust
clouds into collapsing and starting on the
long road to thermonuclear luminosity.

Astronomers have long recognized the

' ““Local Bubble. What is new, said Alyssa

(zoodman, a member of the team also from

o .".;,he Harvard-Smithsonian Center for Astro-
.+ (Physics, is the observation that all local

\1.star-forming regions lie on the Local Bub-

le’'s surface. Researchers previously

cked the tools to map gas and dust clouds

in three dimensions. “Thanks to 3-D dust-
mapping, now we do,” Dr. Goodman said.

According to the team’s calculations, the

et

THE NEW YORK TIMES, TUESDAY, JAN UARY 25, 2022

OUT THERE | DENNIS OVERBYE

Where Our Bubble Ends, Our Understanding Begins

Above, an illustration of the
Local Bubble, which formed in
the Milky Way, left, when
supernova explosions drove off
all the gas and dust from a
1,000-light-year-wide region.

Local Bubble began 14 million years ago
with a massive supernova, the first of about
15; massive stars died and blew up. Their
blast waves cleared out the region. There
are now no stars younger than 14 million
years in the bubble, Dr. Goodman said.

The bubble continues to grow at about 4
miles a second. “Still, more supernovae are
expected to take place in the near future,
like Antares, a red supergiant star near the
edge of the bubble that could go any cen-
tury now,” Dr. Alves said. “So the Local
Bubble is not ‘done.’”

With a score of well-known star-forming
regions sitting on the surface of the bubble,
the next generation of stars is securely on
tap.

The team plans to go on and map more
bubbles in the our Milky Way flute of
champagne. There must be more, Dr.
Goodman said, because it would be too
much of a coincidence for the sun to be
smack in the middle of the only one.

The sun’s presence in this one is none-
theless coincidental, Dr. Alves said. Oyr
star wandered into the region only five mil-
lion years ago — long after most of the ac-
tion — and will exit about five million years
from now. :

The motions of the stars are more Irregu-
lar than commonly portrayed, as they are
bumped gravitationally by other Stars,
clouds and the like, Dr. Alves said. ‘

“The sun is moving at a significantly dif-
ferent velocity than the average of the stars
and gas in the solar neighborhood,” he

noted. This would enable it to catch up and
pass — or be passed by — the bubble.

It was a revelation,” Dr. Goodman said,

““how kooky the sun's path really is com.

pared with a simple circle”
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By mapping a region devoid of
gas and dust, scientists learn
“more about star formation.

IQIUST A BIT TOO LATE for New Year celebra-
tions, astronomers have discovered that
the Milky Way galaxy, our home, is, like
champagne, full of bubbles.

As it happens, our solar system is pa
ing through the center of one of these b

‘Ibles. Fourteen million years ago, according

to the astronomers, a firecracker chain of
supernova explosions drove off all the gas
and dust from a region roughly 1,000 light-
Years wide, leaving it bereft of the material
needed to produce new generations of
stars.

As a result, all the baby stars in our
neighborhood can be found stuck on the
edges of this bubble. There, the staccato
force of a previous generation of exploding
stars has pushed gas clouds together into
forms dense enough to collapse under their
own ponderous if diffuse gravity and con-
dense enough to ignite, as baby stars. Our
sun, 4.5 billion years old, drifts through the
‘middle of this space in a coterie of aged
stars.

“This is really an origin story,” Catherine
Zucker said in a news release from the Har-
Vard-Smithsonian Center for Astrophysics.
“For the first time, we can explain how all
nearby star formation began.”

Dr. Zucker, now at the Space Telescope
Science Institute in Baltimore, led a team
that mapped what they call the Local Bub-
ble in remarkable detail. They used data

'from a number of sources, particularly
Gaia, a European spacecraft, that has

“mapped and measured more than a billion
stars, to pinpoint the locations of gas and
dust clouds.

Last year, a group of scientists led by
Jodo Alves, an astrophysicist at the Univer-
sity of Vienna announced the discovery of
the Radcliffe Wave, an undulating string of
dust and gas clouds 9,000 light-years long
that might be the spine of our local arm of
the galaxy. One section of the wave now ap-

ars to be part of our Local Bubble.

he same group of scientists published
their latest findings in Nature, along with
an elaborate animated map of the Local

Bubble and its highlights.

The results, the astronomers write, pro-
Vvide “robust observational support” for a
long-held theory that supernova explo-
sions are important in triggering star for-
mation, perhaps by jostling gas and dust
clouds into collapsing and starting on the
long road to thermonuclear luminosity.

Astronomers have long recognized the
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the Harvard-Smithsonian Center for Astro-
Ehysics, is the observation that all local
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expected to take place in the near future,
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A1 OOO light- year wide bubble surroundmg
Earth is the source of all nearby, young stars.

Nature paper by
Catherine Zucker' ¢, Alyssa Goodman' Joao Alves?,
Shmuel Bialy'3,Michael Foley', Joshua Speagle?,

presented by Catherine Zucker | Josefa Grossschedl”, Douglas Finkbeiner’,

Hubble Fellow, Space Telescope Science Institute | | |  Andreas Burkert® , Diana Khimey' & Cameren Swiggum?

Research Associate, Center for Astrophysics | Harvard & Smithsonian . ' |

CENTER FOR eST&”SPACEmESCOPE Y , A (W)C%\ Harvaro &Smithsomam;'@}umv. Of Vienna;
HARVARD & SMITHSONIAN e | . <3> Umversity of Mary\and,‘ <4> Uﬂi\/@fgity of TOYQHJ[Q,'

(5) LMU Munich (6) Space Telescope Science Institute
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We can reconstruct the evolutionary history of our Galactic neighborhood.




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

14

MILLION YEARS AGO



14

"Cartoon”

LOCAL BUBBLE

"Real Data”

(Zucker et al. 2022, Nature)

Click to Show/Hide:
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[try the interactive figure]



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

The Local Bubble from the outside in and the inside out

d;\ >5‘§°N°4’/Cq(m T h e
YO 4 Dataverse’
IL*IDW,D ‘5\2500% K o

Project




The Local Bubble from the outside in and the inside out
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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.

14

MILLION YEARS AGO



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

The Sun entered the

bubble 5 million

years ago and now

sits near the

bubble’s center. w3 12 "M - 10 9 8 7 6

MILLION YEARS AGO



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

What does the Sun’s time in- P The timeline is consistent

the bubble mean for Earth? T e with supernova iron
| deposits’ 2 in the Earth’s
. ~crust!

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

PRESENT

See Opher et al. 2024 | ' L. ' | | I |
(Heliosphere shrinks as Sun MILLION YEARS AGO

passes through Local Bubble,
exposes Earth!)



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

So What?

In the present day, almost every single nearby, young star lies

on the surface of the Local Bubble

e
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el
4 )
L o
e -

\ We can novﬂxplain h.%iégallﬁearby star formation began

s SR
o e
‘!».. . v

. - ¥

Supernovae can “sweep up” gas into dense clouds that
ultimately form new stars (evidence for 50-year-old theo'r)’/)'

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



"Next" (from 2022)

What do bubbles have to do
with SPIRAL structure?
ViVeYVidallslelty

-

How do we SEARCH .
Can observations

for other bubbles? ;
now measure
“ﬁ/@ 0 % supernova
How do these bubbles s o de feedback’s effect on
INTERACT with each other? "" galaxy EVOLUTION?

[try the interactive figure]

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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Welcome to a new view of the Milky Way... in 30!

MikyWay3D.org is an open-data open-source discovery hub, providing data, visualization, and research tools for studying the MilkyWay in 30
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We now think the LOCAL BUBLE is actually a LOCAL CHIMNEY
Thanks to O’Neilll et al.
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We now know the RADCLIFFE WAVE is actually WAVING.
Thanks to Konietzka et al.

2024



W The Radclitte Wave is Waving

. Share

-

-

Il ) —@ 1:01/135 B & Youlube CJ ar

Konietzka et al. 2024




2021

2022
2024

O30
i
O

SCAN ME

y
PWL%%YY\J Olg

Welcome to a new view of the Milky Way... in 30!

MikyWay3D.org is an open-data open-source discovery hub, providing data, visualization, and research tools for studying the MilkyWay in 30
INFRACTRUCTURE < > CLIENCE < > LCOUCATION E OUTREACH

enabling studies of how galaxies turn connecting real research data,

assembhng data as a CDmmur‘li{u,
using modern, open-source practices gas into stars, using... software, and science to learners

stellar positions, clusters, motions @ a @
OpenSpace

4 NS
real-time data exploration

{Opr:ﬂogu, posi{ioms B motions of (|Dng) features an\,jwhere, inc\udimg in p|amE{aria
sions,
\ glue (ﬂ

hoglue

CosmicDS
tracers of feedback B magnetic fields

_ “Cosmic Data Ctories”
" ‘ teach data science using
[ astronomical data E tools

making w....accessible online for decades details on star-forming regions...and more!

Lead. Alyssa Goodman, A Lead. Catherine Zucker, UA Lead. Jackie Faherty, AMNH

TEAM: Harvard/Smithsonian CfA (Jonathe arifio, Alyssa Goodman ia Udompr ker), AMNH (Brian Abbott, Micah A
F rty); Linkeping University (Alex ity i e i 1as Robitaille); University of Wisci
STScl/Johns Hopkins (Jos U7

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



http://milkyway3d.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org
http://live-env.org

VA

Welcome to a new view of the Mi”ﬁ\,/ \/\/a\_/... in JUJ

INFRACTRUCTURE, Mi|H\4Wa\_/3D.org is an Dpen-da{a open-source discover\_j hub, providing data, visualization, and research tools {or sjtudging the Mi|H\4\/\/a\_/ in 30. COUCATION E OUTREACH
INFRAETRULTURE < > LLIENCE < » EDUCATION B OUTREACH

AY S0 R e

SCAN ME

LIVE

assembhng data as a Communi{\_j, enab|iﬂg studies of how ga|a><ies turn CDHHECJ(iﬂg real research data,

using modern, open-source practices das into stars, using... software, and science to learners : B CosmicDS BB —
YA LIVE Environments About LIVE v  Capabilities v Tech v Who are we? LearnMorev Q [[h] Cn) glue 2.:’::—:_7,;‘ 3 - - ‘:—:
o tellar positions, clusters, mot g —_——
Linkable Interactive Visualization Exploration (LIVE) / \ STEldr positions, CIUSters, motions - . - = _ - 3
Environments OpenSpace
A‘E AMERICAN ASTRONOMICAL SOCIETY - -
WORLDW IDE 4 N >
TELESCOPE OpenSpace real-time data exploration e ®H

What is LIVE?

J(DleDg\_j, posi{ions B motions of (|Dng> {eatures anuwhere, il‘lC|Ul:|il‘lg' in p|ane{aria
|ir1Hing pDSiJ(iC]l'l and motion across dimensions,

using the modular architecture enabled |:1\4 LIVE
(L|\/E—Asjtro e|emem{s iru:|ude g|ue, \/\/\/\/T, DpengDace B mare)

LIVE lets anyone build
"Linkable Interactive Visualization and Exploration" Environments.

RadWave in Motion

LIVE is free, open-source, and helps with shared data and visualization challenges across ‘
astronomy (LIVE Astro), biology (LIVE Bio) and GIS (LIVE GIS). The Rad\X/ave is made up Of gas dust and

As LIVE's infrastructure is being built, collaborators are ensuring its utility across
Astronomy, Biology, and GIS by pursuing LIVE's science demonstration projects.

CosmicDS . .
o, tracers of feedback B magme{ic lields stars loosely connected in a wave-like

Dataverse”‘é unrerd “Cosmic Data Ctories” shape. It is so huge and so close to us that
teach data science using earlier scientists did not see that these

S L -
W00s31as P

astronomical data B tools parts were all connected.

maHing data accessible online for decades details on s{ar—lorming regions...and more!

L ead. Al\JSSEI Eoodman, LA Lead. Latherine Zucker, LA | ead. JEICHiE I:aherj(\j/, AMNH

Learn more about the discovery of the
RadWave here!

LIVE Astro LIVE Bio

Q & )

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), STScl/Johns Hopkins (Josh Peek), Max Planck IfA (Gordian Edenhofer); Northeastern University (Michelle Borkin); and YOU?!

Join us, contribute, and yes, you can gejc a | -Ehirt. L



http://live-env.org

SUUCATION B UUTHEALH

rﬁ; The Radclitte Wave is Waving e
Al



https://projects.cosmicds.cfa.harvard.edu/radwave-in-motion/

— ~' ~’,.-. & — - — — - nes -
) = ~ 0e0

- - — - 3 - 2
pr— g - Vi e Cole - @~ |
5 ia Seia Wu Go An Wed WY Secnt il oontoet n [[50wad N 6 QUTTRUE

.
~A
d .}

£y

= R )ty
— — - o ° L
c,...—n-n.’w‘—-'
' SOLTTAL GRCYTRSE ATUS

T
Y IO Y
s

- "% ’ 3 /> Em_dmmuqum
~ — l i ’ !
A\ ;?, /r ? : :-dﬁt“lﬂm'“““.m'm““mm
] i ’ wlir e 1] iils
. - = “c . L 7 0 em Dty (2]
3 = o Soweet Do (Parertys 217
o 4 =% r > r 1P IF

'.‘.\‘ : o Ve .

S i Ie m o e : a o -~ a @ o

‘JQ« Q \\ P “ roeindee C " ¢

- [ \ : / I 54 JAANEL 1A% KA 0.3 § @ DTS00 o be (o

L gt ) A J \,Z M AT AN LA 11T 9.5 3§ A

S -~ R N B SN 1500 20 0NE0 500 1063 .0 5 @ DN wha yous Lt the P

3 S : /& SO0 100 004 100 B9 8.0 § # L0

H - i / o p /'\\, o A\ 3 DA SN LAY 50 400 5.0 3 @ D30T

ol ey . - / . S \ B A ALY ARANE 140 B0E 0.0 1§ 20NN

O g ( > ‘ \ B AN 50500 5500 100 209 0.8 § ¢ 202000

: - o [ Y \ | B AN NS LIS 149 624 9.8 1 § SIS
) o - | O N/ ~ B ELIN AN 4556 100 5.5 5.0 5 9 a0
R ! ) \ \ MDA A 520 500 905 0.5 1 # Je0S-4S

m« wavan '

—_— b
e = . W A — Ef
- et LR R
L PR e —— ¢

v,
oW
-
,a

Welcome to a new view of the Milky Way... in 30! _—

Mi|HVWa\J3D.Urg is an open-da{a open-source discoveru hub, prDviding data, visualization, and research tools for S{quing the MilkuWau in 30.

it
...... E' INFRAGTRUCTURE <« » CLIENCE < > EDUCATION E OUTREACH
[ 7 gt ’ : . . 4 assermbling data as a community, enabling studies of how galaxies turn connecting real research data,

) , Wi : | , 7@ X\ S ‘:_." ; er ” using modern, open-source practices gas into stars, using... software, and science to learners

! | ‘ . 4 e S s i~ h%glue g
/ A ' : ‘ YN 1o ' el - 181 2 ‘ e
TN 4 B TR & T ' Q . AN \ stellar positions, clusters, motions @ - @ e memmEr
A1 - ‘ AT Pt .3 £ P Y -5 dhaacis = 2 ‘
,'o . ':-;f/ i ﬂ h : .‘___.: - s_Yf‘ A ey
v, 4 " :i g - . - ... . .'_ A - -",. . . -

T S NS
0?5Lsscops real-time data exploration

OpenSpace

J(opcﬂog\’/, posi{ions B motions of (long) features Em\_/where, inc|uding in p|ane{aria
linking position and motion across dimensions,

using the p|ug-in architecture enabled bu g|ue ﬁy

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

DIGITAL tracers of feedback E magne{ic fields

“Cosmic Data Ctories”
teach data science using
astronomical data B tools

making data accessible online for decades details on S{ar-lorming regions...and more!

Lead. Alyssa Goodman, A Lead: Catherine Zucker, HA Lead. Jackie Faherty, AMNH

_arifio, Aly cia Udompras Abbott, Micah Acinapura, Carter Emmart, Jackie }
University of Vienna ions, inc./ tobitaille); University of Wisconsin, Whitewater (Bo

2ek), Max Planck IfA (G


http://MilkyWay3D.org
http://milkyway3d.org

What’s next?: MANY MORE BUBBLES
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“Everything, Everywhere, All at Once”

1. molecular clouds “form”

2. new stars form in “molecular clouds”

. stars move while and after they form xR R,

SR &

. clouds “evolve” (grow, shrink, merge, change shape, change density) over time
5. winds & explosions from stars (called “feedback™) cause some of the clouds’ evolution

6. the most “significant” feedback events can cause new molecular clouds to form (see #1!)

Nothing stays still. Nothing lasts forever:



+ and the ISM perpetually trades material with the IGM



Glue (/Users/aagoodman/Library/CloudStorage/GoogleDrive-goodman.alyssa@gmail.com/.shortcut-targets-by-id/1e4RysNCIinsaerZT11AaNJ9GKPS9q7vZg/MilkyWay3D.ORG/Sessions/munich_¢

Open Session Export Session Import Data Export Data/Subsets @ Link Data x? Arithmetic attributes Active Subset: = None/Create New e (the next selection will create a subset)

Data Collection X Tab1 X Tab 2 X Tab 3 I u e

Foley2022_arXiv_2212.01405_ OrionShell_MW3D[HDU1] O O 3D Volume Rendering multidimensional data exploration
Reid2019_ApJ_885_131_LocalArmFit_MW3D[HDU1]

'Reid2019_ApJ_885_'131_SGNArmFit_MW3D[HDU1] v @ ¢z % E"E ,'

Reid2019_ApJ_885_131_MW3D[HDU1]
Hunt2023_arXiv_2303.13424_MW3D[HDU1]
Lallement2019_A+A_625_A135_Split_MW3D[HDU1]

Edenhofer_2023_3D _Dust_XYZ_Revised-2
Subsets

Plot Layers - 3D Volume Rendering [d e m O S:l

Edenhofer_2023_3D _Dust_XYZ_Revised-2
Zucker2021_ApJ_919_35_spines_MW3D[HDU1]
Bialy2021_ApJL_919_L5_MW3D[HDU1]
Pelgrims2020_A+A_636_A17_Imax10_MW3D[HDU1]
. Alves2020_Nat_578_237_MW3D[HDU1]
Leike2020_A+A_639_A138_xyz_cube_MW3D

(' f”l{””””yuu Y

Attribute: PRIMARY

".'L:“, . "‘( (G
g ‘:l\HN \ \\\\\\\\

Limits: 5.89626e-08 0.00643762

Color:

Plot Options - 3D Volume Rendering

X axis Pixel Axis 2 [x]

min/max: -73.9532 812.953
stretch:

y axis Pixel Axis 1 [y]

min/max: -73.9532 812.953

stretch:

g

Z axis Pixel Axis 0 [Z]

W AN

min/max: -54.101 593.101

stretch:

reference: Leike2020_A+A_639_A138_xyz_cube_MW3D
resolution: 256 <

Native aspect ratio Line Width 1

Perspective Show axes d I S C U S S I O n

Downsample when panning



http://milkyway3d.org

