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New Perspectives on dtar Formation,
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*an unusual collection of topics requested by our organizers, Cara Battersby & Mark Heyer
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Evolution:
B5, DYNAMICS/DROPLETS

Revelation:
RADCLIFFE WAVE
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B5, DYNAMICS/DROPLETS
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Figure 9. (a) Ratio between rotational and gravitational energies, 3, plotted against the ratio between the kinetic and gravitational energies, {2k /|{2g|, for larger-scale
dense cores (green dots), droplets (blue filled dots), and droplet candidates (blue empty dots). The red line corresponds to the relation, E,,; = |{g|, and the red band
marks the parameter space within an order of magnitude from this relation. The parameter space to the right of the red line corresponds to |{2g| < 2k, and the left
corresponds to [{2g| > €2k. The horizontal black line marks the median value of 3 for all cores shown in the figure (both dense cores and droplets; excluding droplet
candidates). (b) Ratio between rotational and total kinetic energies, E, /2, plotted against the ratio between the kinetic and gravitational energies, (2 /|€2g|, for
larger-scale dense cores (green dots), droplets (blue filled dots), and droplet candidates (blue empty dots). Same as in (a), the red line corresponds to the relation,
E... = |{2g| and separates the parameter space into one corresponding to objects being bound by self-gravity (left) and another corresponding to objects not being
bound by self-gravity (right). The horizontal black line marks the median value of E.; = |{)g| for all cores shown in the figure, excluding droplet candidates.

Droplets are essentially pressure-bound cores in a dynamical flow, and their rotation comes from that..
Chen et al. 2019 (cf. Burkert & Bodenheimer 2000).
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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 Greené

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



The Radcln‘fe Wave
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L o e feaching 160 pc out of the Galactic Plane:
v S lts gas mass is more than three million Solar masses.
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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
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DISTANCES!!

We can now
measure distances

galaxyto ~5%

daCCUTld

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



. "The Radcliffe Wave”

SCHEMATIC CARTOON(!) Distances estimates AAF T ER 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)
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http://worldwidetelescope.org
http://glueviz.org

WHY DIDN'T WE FIND THE RADCLIFFE WAVE SOONER?

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

Gaia DR2
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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_enhanced.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

JRUERINSAVEYANE 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


http://tinyurl.com/RadWave

The Path to Newton

A Lunch Appetizer/Bonus “ordered” by Mark
What would a “Path-10" look like for Star Formation (so far)?



The Path to Newton

PREVAILING BELIEF

CONCERNED WITH PHENOMENA EARTH AT CENTER (© BELIEVED SUN AT CENTER)

TOOLS AVAILABLE GNOMON

MATH AVAILABLE

PLANAR GEOMETRY s P | ANAR GEOMETRY
SPHERICAL GEOMETRY

ANAXAGOROS
510:;}28 ECE oh, and
A ree
Motion ‘
BIG IDEAS needs a SOCRATES “{1

. 470-399 BCE

little Greek PLATO H

puslr\- S 427-347 BCE ARISTOTLE Motion,

Correct - Greck 383-322 BCE Plato.
Natural, not Motion Symmetry PS5 o Greck

(G N O V1 O T\ 155000000000
/A'S T RO L. /A |5 I 100000000

PLANAR GEOMETRY messssssssssssssssssssssssssssssssssssssnt P | ANAR GEOMETRY s
SPHERICAL GEOMETRY e SPHER|CAL GEOMETF
TRI1G O N O METRY e [ R|GONOMETRY

SPRERICAL TRIGONOMETRY = SPHERICAL TRIGONO
ALGEBRA s

Motion
caused hy

self-
exhausting
force

Aristotle i
wrong about
Space, time,

Celestial
and
terrestrial

ph:irrl::irlr::na and matter.
Circles ARE 52 JOHN PHILOPONUS
3 490-570
the best! we - Greek living in
MS+ V\CCA Roman Egypt
J more! = | must gather |
" PTOLEMY information fc
Gr;fﬂ\l,i?g n better astrolog
Roman Egypt and | shall shai

supernatural. Nature maui:hsa;le rules.
can be e
Partial THALES okl All things
credit 624546 BCE move to 3007 BCE
Hey the Gireek The air moves their natural Greek
I N .
‘ cycles in the Motion and hobjec:‘s. place
N (i reveat. change are L A single
l ‘ 9I P ‘ illusions framework
) Let’s track ° . for all
| 4
h‘i them. v . : — geometry
BABYLONIANS ni, - Question T : FIE
¢. 2000-300 BCE L’ all you Reartrangmg ; stationary
> o ® ® 2 ua OmS" .
“See.” pPARMENIDES allows EUDZXUS ce:::;::s:he
515450 BCE ;
CON NECTIOI\;\SS Py motion 560045 BOE
BETWEEN IDE ’ e STUFF on ) ARISTARCHUS
. The universe Earth and in s 310-230 BCE
> |S WAY b| er A generatEd . h Greek
h vy 888« 2 by boundless the Heavens is e Spheres s Hello?
__________________________ N . H‘"}(";\ﬂ"" \.\) LN eternity all the same... "7 all the o ,e+;,
Teacher-Pupil or mig k. A;)\XIMA:\IER jIAS‘{' atoms. DEMOCRITUS way ) . 3
Senior-Junior e 10546 BOE 460-370 BCE down. thing
Researcher Greck Greek Planets, /i on?
._ Moon, Sun,
S } move on
‘7 3 spheres
[} . 2% Universe is
- o= p '1[ circles » spherical
Travel between are per{ed’, /
cultures Some “stars Spheres are
move more :
sublime.
than others PYTHAGORAS
570-495 BCE
Greek

On the

Heavens

Aristotle
c. 350 BCE

Elements
Euclid
c. 300 BCE

Physics
Aristotle
c. 320 BCE

Astronomical
Diaries

Published

works

e what | learn!
VARAHAMIHIRA
: 505-587
Epicycles, Indian -
equants, l ..
eccentrics | ——

With one

little Who knew
function, nothing
I'll give you §§ could be o
the Moown!/ ARYABHATA useful?

476-550

Math can Indian

model the

universe
’ Sines
I'm not improve
i exad’ly

=80 in the
HIPPARCHUS <¢“ifer?

190-120 BCE
Greek living

in Rome

On Aristotle’s

The Almagest || Aryabhatlya || ~ppoiiei's ™ || giddhantika siddh:
Ptolemy Aryabhata . _ o
Philoponus Varahamihira Brahma
c. 150 c. 499
c. 520 c. 575 c. 6




SUN AT CENTER (® BELIEVED EARTH AT CENTER)

s GNNOMON

ASTROLABE

(c\[e] ) [e\\@Q ———
JAST RO L /A |B | 15000000000

PRINTIN G P RE S S e —

meeeessssssss PLANAR GEOMETRY e P | ANAR GEOMETRY

P LA N AR G E O M E T R 'Y s P | AN AR GEOMETTF
SPHERICAL GEOMETRY SPHERICAL GEOM
TRIGONOMETRY TRIGONOMETRY =
SPRERICAL TRIGONOMETRY SPERHICAL TRIGO

meessssssssmss SPHER|ICAL GEOMETRY e SPHER|CAL GEOMETRY

TRIGONOMETRY e [ R| GONOMETRY

SPRERICAL TRIGONOMETRY = SPHERICAL TRIGONOMETRY

ALGEBRA ALGEBRA ALGEBRA e—
...oh, and Motion LOGARITHMS mm
9owye (o causc::l by H’jMS‘l’ keeps R
self- : f )
w y
;om? T 9oing, and thd’ did Come owl You :
abou force . . going... Aristotle con't “aive” : (‘)‘bjec.ts are
3-322BCE Plato. and wrong about BACSI We need to €. ject e
Greek terrestrial space, time - - motion. With giant spend
phenomena P A ' n ' (RVICENNA) question- gy pushp NICOLE ORESME ims{'vu?mewl's I mg\
| similar ARG IRATIEE 0 1097 (AVERROES) 1320 1362 !
- -0 Persian French e{’ QKEAT Aﬂ‘{'ﬂ.
\ Circles ARE JOHN PHILOPONUS Motion is 1126-1198 Biager . 9
All things best 490-570 indefinite Arab 99 _ Math first, © o
the best! We Greek living in ith observatories -
move to 3002 BCE . Roman Egypt oL ! Pk‘loso ky bt th
their natural Greek just need external better l f orbit the
| w | must gather more P : ater. Sun, but
place more! i . observations. Motion Sun orbits
A einole PTOLEMY information for Years AL-TUSI explained Earth ,
framev%lork A y better astrology, ? 1201-1274 with NICHOLAS TYCHO BRAHE
reek living in : Yom now ion i Persian . 1546-1601
IR ol [ e ananc
geometry N ot | learn] PRegrssyls P MehPhy?'(S? an obiect's B, theory Polish ' .
VARAHAMIHIRA =t S will love Hooey! Give ] o W |upiter has
: 505-587 4 ) " me. i locations This s moons,
Epicycles, i v AL-BATTANI me evidence Sun at which orbi
L o |
equants, ! s N N N NRE and math. mgd’h, not |- center of like our
eccentrics | | IBN AL-HAYTHAM philosophy. | = | Earth’s & Moon
9651040 lanets’ | have
ARISTARCHUS Arab Simol JEAN BURIDAN porbits / Hmm
310-230 BCE. imple 1295 1958 The Earth Tycho's circles
Greek With one ;l‘l;cular K might fancy are a
. = orbits wor actuall | Bl
l‘:{’ﬂe Who szeW - : Models with better rotatey da{’a. - PYOblCW\-
function, v\o‘l’hmq o matching math Earth JOHANNES
I'll give you §§ could be 5o \ ' data is t need not SR | cam 1;(751"_'-1?20
the Moon! ARYABHATA useful? ,| Accuracy is R be at rest, 8 improve German
476-550
Math can Indian BRAI;I;\;I:igPTA 3I5(eyzf1e&g" -, Polemy! | Ptolemy!
model the A 65.24 days BHASKARA I1 ALI QUSH)I To th
universe 0.2 year) I+ 1185 1403~ 1474 ' ° .e Orbits are
. Indian Turkic et PVW\‘{'W\Q ellipses
’ ines REGIOMONTANUS [ S
' m V\O‘{' improve Zero is a 1436-1476 Pyess’ not CII'C|ES
. numeral
1§ exactly unto itself LD .
in the today call .
tey? calculus v
HIPPARCHUS "€ e )
190-120 BCE c .- ¥
Greek living
in Rome .

. , On Aristotle’s TRANSLATION N oot e, | | Al-Shukilk ala Siddhanta | | Commentaries Alfonsine Al-Tadhkirah Epitome of the De Astronomia Siderius
Physics Elements The Almagest | | Aryabhatiya Physics 3 siddhantika siddhanta AEDEre] | LA Batlamyiis Shiromani on Aristotle ! fi'ilm al-hay'ah Almagest Revolutionibus Nuncius
aritode Fuclid Beolewy Aryabhata Philoponus || Varahamihira e MOVEMENT el:Battam o Sma | Haytham| | Bhaskara II L VLIS al-Tusi Regiomont Coperni Galil

ranma. a = o CglOmOn anus Opernlcus
c. 320 BCE c. 300 BCE c. 150 c. 499 e Ahami Leagup WORKS c. 900 c. 1020 s T c. 1150-1200 1252 el o o Ao

© Harvard Universit)



GNOMON =sssssssssssssssssssssssssssssssssssssssssss GNONMON
ASTROLABE =mssssassassssssssssssssssssnsnnneensssssssss ASTROLABE

PRINTING PRESS mssssssssssssssssssssssssssssssssssss PRINTING PRESS

TELESCOPE
PLANAR GEOME T R . | ANAR GEOMETRY PLANAR GEOMETRY m—
SPHERICAL GEOMETRY SPHERICAL GEOMETRY SPHERICAL GEOMETRY m—
TRIGONOMETRY TRIGONOMETRY TRIGONOMETRY m—
SPRERICAL TRIGONOMETRY SPERHICAL TRIGONOMETRY SPHRERICAL TRIGONOMETRY =
ALGEBRA ALGEBRA ALGEBRA m—
TUSI COUPLE AND OTHER SPECIAL FO RIVI S s SPEC|AL FORMS SPECIAL FORMS m—
LOGARITHMS LOGARITHMS ee——
l')IAS‘{’ keePs CALCULUS =—
going, and ‘ What did oine ol Yol — :
gon- Attt P R
not really. ; really mean? an o?ojed’ motion 0o0oh, | like ,
IBN SINA We need to. (4 motion. EEEERN With aiant spend this Dutch We're gonna
(AVICENNA) question. “lerbicD NICOLE ORESME yTReglant. spenay lass! need better
trument Spyglass!
980-1037 13901382 mitruments, | can ) math.
Persian (AVERROES) French e{» QKEAT da‘{'ﬂ- Soyyyl AYlS{'oﬂe, : .
Motion is 1126-1198 Biager _ Y o mon ami This apple.
ind.eﬁnite Arab &?q + X Mﬂ+h f\YS+’ °8 A"S'O -e’ b A Tkﬂ‘l’ MOOW.
without oblervatories, philosophy | you're )IAS{’ above an 4 +h l
external better 1[’ orbit the below, it’s Could they fee
forces X ) lﬂ er. Sun, but WYOV\Q- ’++ ‘H\e same PM“?
AL-TUSI explained Earth - in motion.
12011274 i NICHOLAS " TYCHO BRAHE 190t 1642 16421726
ion i rsian g 1546-1601 British
OW, . Mot".)n is Persia "lmpetus COPERNICUS Danish Titis
U\ Mehphysl(S? aanc:g;gc(t)'fs theory” 14;?(3);:}5143 ;
4 \ | Gi Jupiter has :
ooey! Give : =
% Hooey! 4 locations This is moons All bodies GRAVITY
\\ § me evidence Sun at hich orbit goanth : GOVERNS
NN i math mg’rh, not center of """L‘e :Jr' have RENE DESCARTES
IBN AL-HAYTHAM philosophy. Earth's & o (circular) 1596-1650 ALL
965 1040 JEAN BURIDAN planets netia
Simple 1295-1358 The Earth orbits ° [
reaicrionXx.or
Models xil:;:sb\évt::l: actually *
. rotate All bodies
matching math Earth JOHANNES have inertia I must
data is need not IS KEPLER center make
paramount X | can 1571-1630
_ Ptolemy! § Prolemy! publish/
BHASKARA II ALI QUSH)I To th EDMOND HALLEY
11141185 14031474 9 ANe Orbits are 16561742
Indian Turkic ] e Py| y\h y\q i British
REGIOMONTANUS ress! e |p.ses,
1436-1476 P ) not circles S
Much of German
what we I :::'L'l:"tls
today call o icta
' calculus ‘7 predictably
L )
«~ !
® e e ¥V

- .. | | Al-Shukik ‘ala Siddhanta . Al-Tadhkirah Epitome of the De Astronomia Siderius hief Two New Principles of Synopsis
L ! _ . . . Alfonsine ' p Two Chie ! ! p " .
K'ti;:na;ii I;lfa Batlamyiis Shiromani on Aristotle Tables fiilm al-hay'ah Almagest Revolutionibus Nuncius Systems of the Sciences Philosophy Principia Astronomia
c. 1020 Ibn al-Haytham Bhaskara IT Hl)rll Ruihd 1959 al-Tusi Regiomontanus Copernicus Galileo Wo'rld Galileo Descartes Isaac Newton Cometicae
' c. 1025 c. 1150 c. 1150-1200 1261 1496 1543 1610 Galileo 1638 1644 1687 Edmond Halley

Commentaries

Dialogue on the

1632

1705

© Harvard University, created by Alyssa Goodman, Jais Brohinsky, Drew Lichtenstein & Katie Peek, re-use is allowed, with attribution, version 1, 2019
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The Path online interacts with a narrative—please enjoy later.
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