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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
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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
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B Milky Way

what it looks like

how A= 4ale)

onnec

Alyssa Goodman, Center for Astrophysics | Harvard & Smithsonian

featuring especially the work of Joao Alves+ +., Shmuel Bialy, Andi Bukert + +., Gordian
Edenhofer, Torsten EnBlin + +, Doug Finkbeiner + +., Michael Foley, Ralf Konietzka, Reimar
Leike, Theo O’Neill, Juan Soler, Catherine Zucker & the glue team

Nort!



WHERE ARE WE?



WHERE ARE WE?




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,
in the Milky Way,



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

in the ~which is one ot MANY in our Universe



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

in the ~which is one ot 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,
in 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!



. ................ meernesaensasennes "MGSSIer" ObJeCtS proreeeees
: star-forming nebulae : : galaxies:

..................................... : (imagesl not cartoons)

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
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- WorldWide Telescope |

l Guided Tours Search Communities View Settings ["Stpport WWTW=  FSigi

Collections > 4 102 p

;":B )..ﬁ.' | ‘.'ﬁ,._;.,B §? - e ' ? \B .,’ = ‘ e === b5 &

’ | | ’ A . — . R .
Constellations Solar System (Sky) | All-Sky Surveys . External (H‘iPS) Sur...

&

‘JWST . | TSpitzer Studies | 'Chandra Studies Hubble Studies Astrophotography Radio Studies NOIRLab Studies ESO Studies Gemini Studies WISE Studies

Layers
B @ Sun

¥ Mercury

& Venus
¥ Earth

@ Mars

& Jupiter
& Saturn
¥ Uranus
¥ Neptune
& Pluto

B @ Sky

B & Overlays

) 5 Constellations -

|| Constellation Pictures

Constellation Figures
Constellation Boundaries
C]:onstellation Names
B & Grids
™ Equatorial Grid

Time Scrubber

Look At Imagery

v & a - s o=
- Mars o i |

Jupiter [ Saturn Uranus Neptune ~  Pluto Moon

|
|
Io | Lat: -32:30:29

I MAar.An ar

Sun ~ Mercury . Venus Earth

Start the presentation to see live content. Still no live content? Install the app or get help at PollEv.com/app




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 @
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real-time data exploration
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_ “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.




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
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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



Green et al. 2019

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



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
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‘ Major Cloud Catalog

. Maser Catalog (Reid+2014,2016)
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Plot Layers - 3D Volume Rendering
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Plot Options - 3D Volume Rendering

X axis Pixel Axis 2 [x] ﬁ
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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
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. Local Arm Masers
. RadWave

Plot Layers - WorldWideTelescope (WWT)

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

Size Color

Center view on layer

Plot Options - WorldWideTelescope (WWT)
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Frame:
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Background:

Sky
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b

Black Sky Background

Hydrogen Alpha Full Sky Map
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WorldWideTelescope (WWT)

. worldwidetelescope.org

: glueviz.org


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

WHY DIDN'T WE FIND THE RADCLIFFE WAVE SOONER?

Gaia DR2

glue 3D

3D Dust

WWT

Maser VLB
2000 2005 2010 2015  Today



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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The Rédﬂiﬁe Wave - — .. Home  Publications ;LTaIks Visuals  History = Team  Software  Data Q It a p p e a rs t h at t h e S u n , O n its

x SURF galactic orbit, crossed the Radcliffe

= - Wave 13 million years ago, and
THE RADCLIFFE WAVE

may cross it again in the future.

The Radcliffe Wave is a gigantic structure that defines the shape of the Sun's local neighborhood in the Milky Way ~ ‘
Galaxy. Its existence was first presented officially in a paper published in Nature on January 7, 2020. This website offers . ;
scientists, educators, and the interested public much more information about the "RadWave," as we like to call it. Please T - >~ =
use this page to find publications and talks, visuals (images, interactives, and videos), history, team info, software, - ¢ - _5
and data. And, if we forgot something, just let us know—and we'll try to include it in future updates! -
- —
rm‘ ‘ i ‘
) @t Ed \
= gl X

Publications & Visuals Team Software
Talks

3 =
video created'by the authors using AAS WorldWide Telescope
(includes cartoon Milky Way by Robert Hurt)

tinyurl.com/RadWave
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SciXplorer.org

Astronomy
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TECH interlude

Using the LIVE-env.org website, let’s ask:
What is glue?
What is it* used for in Astronomy, Biology, GIS?
Why will LIVE be even better?

browser-based, more tools, more customizable, Al more AR

How does LIVE-Astro relate to MilkyWay3D.org?
Who is paying for this?

*it” is glue—> LIVE, and importantly, LIVE is a new collaboration with Jupyter leaders and many, many, others


http://LIVE-env.org
https://www.live-env.org/tech/core-technologies
https://www.live-env.org/about/live-astro
https://www.live-env.org/about/live-bio
https://www.live-env.org/about/live-gis
https://www.live-env.org/capabilities/ui-options
https://www.live-env.org/tech/visualization-tools
https://www.live-env.org/capabilities/capabilities-overview
https://www.live-env.org/tech/artificial-intelligence
https://www.live-env.org/tech/augmented-reality
https://www.live-env.org/about/live-astro/demo-gallery
http://milkyway3d.org
https://www.live-env.org/learn-more/support
https://www.live-env.org/who-are-we

2019 to 2021: from distances to shapes

— 2?2 kpc—

/30 pc———8 —> ——100 pc———

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




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.







THE ASTROPHYSICAL JOURNAL LETTERS, 919:L5 (12pp), 2021 September 20 Bialy et al.

“side-on” view of Per-Tau Shell, Sun at left

Sun

White: n=5 cm-3 1so-surface
Color: n=25 cm-3 1so-surface

“side-on,” highlighting Taurus ring - Orthogonal Slices th
xZ plane at y=635 pc |

Figure 2. 3D views of the Per-Tau shell (for an interactive version® of this figure click here *; see Figure 5 for more static visualizations). Plotted are density iso-
surfaces at levels n = 5 cm™> (gray) and n = 25 cm 2 (color), overlaid with our spherical-shell model, radius R, = 78 pc, distance from the Sun d = 218 pc. The
n =25 cm " surfaces are colored by distance from the Sun (blue-to-red). Top-left panel: view from the Sun (compare with Figure 1). Top-right panel: a side view of
the region. Perseus and Taurus and their diffuse envelopes are arranged on two opposing sides of the Per-Tau shell. Bottom-left panel: another side view emphasizing
the Tau Ring. The ellipse is the Tau Ring model (Appendix B). Bottom-right panel: 2D density slices along the xy, xz, yz planes. All planes intersect at shell’s center.
In all panels xyz are the Heliocentric Cartesian Galactic Coordinates.

Opacity

2. Tau Ring: in a sky projection the Tau Ring is seen almost 3. The Fictitious Connection: A filament seems to connect
edge-on. The near side of the Tau Ring connects with the Taurus to Perseus. This connection is only a coincidental
main body of Taurus at d ~ 150 pc, whereas the farthest projection effect, where in actuality the filament is located

part extends to d ~ 220 pc. at the distance of Taurus, and does not physically connect B I a I y et a l 2 O 2’]

The

Project



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.
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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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Where Our Bubble Ends, Our Understanding Begins

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

"},oca] Bubble. What is new, said Alyssa
f3oodman, a member of the team also from
the Harvard-Smithsonian Center for Astro-
Ehysics, is the observation that all local

tar-forming regions lie on the Local Bub-

<y ge’s surface. Researchers previously

cked the tools to map gas and dust clouds

+In three dimensions. “Thanks to 3-D dust-
mapping, now we r. Goodman said.

According to the team’s calculations, the

o)

.ocal 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
witham upernova, the first of about
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

ans to go on and map more

the our Milky Way flute of

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. Our
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 ‘“f
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.
o revelation,” Dr. Goodman said,

. It was a revelati
“how kooKy the sun’s path really is com-
pared with a simple circle”
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Earth is the source of all nearby, young stars.
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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:

|dealized Model
for Local Bubble
Evolution

Stellar Orbits
@ Solar Orbit

300

200

100

-1062d] Z

Y[Dc]

~200

=100

Traceback Time:-14 Myr
@

MILLION YEARS AGO

Present -2 Myr -4 Myr -6 Myr -8 Myr -10 Myr -12 Myr -14 Myr -16 Myr

[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
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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
. x -
“ &:...o
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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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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_ “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
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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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O’Neill et al. Local Chimney 2024 +++

Start the presentation to see live content. Still no live content? Install the app or get help at PollEv.com/app
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We now know the RADCLIFFE WAVE is actually WAVING.
Thanks to Konietzka et al.
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Konietzka et al. — Oscillating RadWave Nature, 2024
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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.
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MEMPHIS, SUNDAY OCTOBER 23, 2022

WHAT DO EXPENSIVE
NEW TELESCOPES DO
FOR HUMANITY TODAY?

Are mega-projects like ALMA,
LIGO, JWST, and Gaia worth
the billions?

ARE COMPUTERS THE
NEW TELESCOPES?

New galaxies in-silico, the early Universe
without physics, and new stars forming
in your hand.

IS ASTROPHYSICS
BEING (RE)ORGANIZED?

Lone stargazers are a rarer and rarer
breed in professional astronomy.
Teams and data scientists seem the
way of the future, and tools that talk
to each other are essential.

- EAMLESS
ASTRONOMY

Linking scientific data, publications, and communities

Editor: Alyssa Goodman, Center for Astrophysics | Harvard & Smithsonian, @AlyssaAGoodman


https://twitter.com/AlyssaAGoodman/status/1546675001755111424?s=20&t=5dXg3hHAKqrEt3aN7ji5yA
https://www.google.com/search?q=fire+synthetic+milky+way&client=safari&rls=en&sxsrf=ALiCzsZCDHwMNCm1V89n3OPXaZM0lIGANg:1666455447654&source=lnms&tbm=isch&sa=X&ved=2ahUKEwiT1_annvT6AhVzomoFHR9rCzwQ_AUoAXoECAEQAw&biw=1261&bih=827&dpr=2#imgrc=0dUCq1bur14rzM

Show / Hide

Sun

Best Fit
Molecular Clouds
Stellar Cluster

Outlier

Views

Figure 1: Radcliffe Wave Oscillation
Figure 1: Radcliffe Wave Total Motion
Ext. Data Figure 1: Wave Comparison
Ext. Data Figure 2b: In-plane Motion

Ext. Data Figure 3b: Lines of Sight

Konietzka et al. — Oscillating RadWave Nature, 2024

Start the presentation to see live content. Still no live content? Install the app or get help at PollEv.com/app




And back in 2022,
we wondered:
What (MAYBE!) caused the A

orior star formation that
caused the SNe that

Traceback Time:Present
C LI C LI [ Present -1Myr -2Myr -3Myr -4Myr -5Myr -6Myr -7Myr -8Myr -9Myr -10Myr -11Myr -12Myr -13Myr -14Myr -15Myr -16 Myr -17 Myr -18 Myr -19 Myr -20 Myr

Click to see what MIGHT have happened...


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

Then, in 2023...
1.Andi Burkert sent Ralf Konietzka to Cambridge.

2.We realized the RadWave Is so big that p-p-p-v
from CO is useful enough to suggest oscillation.

3.Joao Alves et al. made really, really,
good 6D clusters of young stars using Gaia.

4 Ralf found the RadWave IS oscillating —
and drifting outward from the Galactic Center.

5.BONUS: also, dark matter probably didn’t kill the dinosaurs.

Konietzka, R., Goodman, A., Zucker, C., Burkert, A., Alves, J., Foley, M., Swiggum, C. 2023. To be submitted to Nature, June 2023. The Radcliffe Wave is Oscillating



Embargoed—please do not share—this slide will be removed from slides online.
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Konietzka, R., Goodman, A., Zucker, C., Burkert, A., Alves, J., Foley, M., Swiggum, C. 2023. To be submitted to Nature, June 2023. The Radcliffe Wave is Oscillating


https://docs.google.com/document/d/1OHXlo-Aw71CW8mijIxrpB6E_hukO95_-EV_WysIruGg/edit

"Snapshots” can be deceiving—
pattern speed is NOT real motion!

Loebman and Zucker, AG et al 2023
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"Crazy” stuff IS happening?!

&s

Click to Show/Hide:

Gould Belt
3D Dust
Local Bubble Model
PerTau Bubble Model
Radcliffe Wave Model
® Split Model
Cloud Skeletons
8 Sun
<> UCL and LCC Orbits Converge (-20 Myr)
Stellar Clusters

Stellar Orbits

@ Solar Orbit

Traceback Time:Present
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https://faun.rc.fas.harvard.edu/czucker/Interactive Figure3 Alyssa.html,
based on Zucker et al. 2022 (& now Konietzka et al. 2023)



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

Where are we? Why does star formation, in nebulae, in galaxies, matter?

Why is OUR Galaxy a cartoon in WWT? (Mapping from inside requires 3D
measurements —no distances.)

2020: RadWave 2021: PerTau 2022: Local Bubble 2023: GP map from GE
e 3D dust mapping e adds AR e astonishing— * makes a full map
 Gaia motivates a full map even more realistic

e glue & WWT (viz) * includes MOTIONS

2024 —RadWave Waving (MOTION)

Science
2024 ++ MilkyWay3D.org Education (AMNH, CosmicDS RadWave)
Infrastructure LIVE-astro.org LIVE-env..org



http://MilkyWay3D.org
http://Live-Astro.org
http://live-env.org

THE RADCLIFFE WAVE IS WAVING

Konietzka et al. 2024, Nature, this coming Tuesday (“embargoed”)



The NEW Milky Way

what it looks like
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Observed oscillation does not need a dark disk.
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A 3D Map of the Local Bubble's Magnetic Field

Explore Interactive Figures from the paper

Figure 1: Local-to-total Extinction Ratio
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Figure 3: 3D Vector Field
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Figure 4: Environment
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Figure 5: Distance
Figure 6: Inclination from plane-of-the-sky, Gamma

Figure 7: Polarization fraction p

Figure 8: Dispersion S

Figure 12: Background Starlight

https://theo-oneill.github.io/magneticlocalbubble/
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O'Neill et al. 2023


https://theo-oneill.github.io/magneticlocalbubble/
https://theo-oneill.github.io/magneticlocalbubble/

WHAT'S NEW?

Arms of galaxies (1) look like they “wave,” and (2a) they move like that too.
(2b) There appears to be almost no dark matter in the Milky Way’s disk.)

(3a) Feedback from supernovae & winds are as important as theorists said it
was 50 years ago, even though observers didn’t believe them. (3b) Star
forming clouds may largely form at the intersection of feedback bubbles.

(4a) The Sun is “just passing through” our Local Bubble & Earth’s (4b,
planets’) radiation history is determined by this kind of “interstellar weather.”

(5) Parts (arms?) of galaxies that appear “near each other” today, did NOT
start out that way. Pattern speeds are deceiving.

(6) Magnetic fields appear swept-up into feedback bubble’s surfaces.
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WHAT'S NEXT? (2023 edition)

Ripples in M83,
Koch, Alves,

Burkert, et al. _
milkyway3d.org (ask me to say more!)

How does a detailed understanding of

time-resolved topography of MW stars
& gas help extragalactic modeling?

Home Data Software Science Gallery Events  Collaborators ~Q

~o/05 MilkyWay3D.org

o

Welcome to a new view of the Milky Way...in 3D!

Soon, milkyway3d.org will serve as a hub for the interconnected set of outreach, education, and research resources that will result from the

interconnections we're in the process of making.

Our project includes new software development; approaches to data sharing; and scientific research questions propelling our collaboration

forward.
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What did causqﬁe Radcliffe Wave??
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https://www.scientificamerican.com/article/jwsts-first-glimpses-of-early-galaxies-could-break-cosmology/
http://milkyway3d.org
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- See Lee et aI 2023 for Overvrew of PHANGS- JWST Treasury Survey, slide courtesy of Jodo Alves
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The New Milky Way online
(as of 1/23)
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- % animation By Jasen Lux Chambers
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| SURF s Star Formation near the un -
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‘ . is driven by expansion of the Ld_c'a Bubble |
THERADCLIFFE WAVE p .

\ The diSCOVEI'y th.at the 1000-1ight-yeal‘-VVide "LOCB] Bubblen Thanks to the work of many who came before, and
surrounding the Sun and Earth is responsible for the publicly-shared vast data troves, we can draft a 3D map
of the magnetic field on the surface of the Local Bubble.

formation of all nearby, young stars was first presented in a

. . . . . . . We are constantly improving our guess as to what the - '
The Radcliffe Wave is a gigantic structure that defines the shape of the Sun's local neighborhood paper published in Nature on January 12, 2022. Please use this d i leals W, 56 [hess ves (s s 1 Al G - ‘ '
in the Milky Way Galaxy. Its existence was first presented officially in a paper published in Nature on page to find news, publications and talks, visuals (images, . publications and talks, visuals (images, interactives, and -
January 7, 2020. This website offers scientists, educators, and the interested public much more interactives, and videos), team info, and data. And, if we forgot videos), and data. Stay tuned for updates!
information about the "RadWave," as we like to call it. Please use this page to find publications and something, just let us know—and we'll try to include it in future W e e e e The first public showing of this work will be at the 241st
talks, visuals (images, interactives, and videos), history, team info, software, and data. And, if we updates! AAS meeting, in Seattle in 2023, and a preprint by O'Neill
forgot something, just let us know—and we'll try to include it in future updates! et al.is available on Authorea.

Want to see for yourself? Explore the Wave in 3D in WorldWide Telescope! ’
‘ Want to see for yourself? Click HERE for interactive figure! 1
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Want to see for yourself? Click HERE for interactive figure! ’
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http://tinyurl.com/radwave
http://tinyurl.com/local-bubble-stars
http://tinyurl.com/local-bubble-b
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\o/o~ MilkyWay3D.org Home Data Software Science Gallery Events Collaborators Q&

Welcome to a new view of the Milky Way... in 3D!

Soon, milkyway3d.org will serve as a hub for the interconnected set of outreach, education, and research resources that will result from the

interconnections we're in the process of making.

Our project includes new software development; approaches to data sharing; and scientific research questions propelling our collaboration

forward.

milkyway3D.org
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great 1D, 2D and 3D data manipulation,
flexible architecture facilitating plug-ins, data
transter, and interactive data exploration;
"glupyter” tlavor runs in web pages

@ plug-in in-use on Hayden

Planetarium dome
CosmicDS

A% AMERICAN ASTRONOMICAL SOCIETY

@ \VORLDWIDE plug-in sfgg\évtse):/tvi\/r:lgimages in
&) TELESCOPE | s

great 2D object and all-sky images limited 2D all-sky images
limited 3D functionality great 3D functionality

The "Perseus-Taurus Superbubble”
a demo of the need for 2D-3D contextualization functionality

You can’t see the “clouds” yet...

This video was composited using the WWT and OpenSpace, making
some use of prototype plug-ins, but 2D and 3D imagery was aligned
manually by experts. As a generalizable STEM concept, it explains
the deceptive “forced perspective” made possible in when objects at
very different distances, in 3D, appear to touch in 2D.
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