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Substructures in protoplanetary disks
I. Why Embedded Disks?

DSHARP, 2018



Protoplanetary disk structures are not primordial



Stages of Star Formation
I. Why Embedded Disks?
. ” disks

-The earliest stages of
disks (£t < 0.5 Myr)

—-Disk size a tracer of
envelope collapse?
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Core

-Set the stage for disk
evolution and planet
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System

“Protoplanetary” disks
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- Where planets are
forming<

Image credit: Magnus Persson



A New Era of Protostellar Disk Surveys
I. Why Embedded Disks?

VANDAM: Orion CALYPSO (PdBI)

16 Embedded Disks

300 Embedded DisKS ruin et a1 2020

HOPS-18 HOPS-191

HOPS-193 0.87mm robust0.5

HOPS-204

HOPS-20 HOPS-10 HOPS-11 HOPS-123 HOPS-124 HOPS-152

M

aury et al. 2019

T T T v T T T T T T T T pafm T T T 1m| T T T ]
B £1448—N PdBI@231GHz = ¢ ] IRAS2A PdBI@231GHz P IRAM04191 PdBI@231GHz ] Serp—SMM4 PdBI@231GHz L1157 PdBI@231GHz
o
(o] o (o Lo o o O o .o p
0 . NA @ \ !
\ L \ dL dE / 4
r A 1k g \ /
R p— — = e —— a— — \ /
0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) \ | e
HOPS-215 HOPS-216 HOPS-219 HOPS-220 HOPS-221 HOPS-223 HOPS-164 HOPS-169 HOPS-171 HOPS-182 0.87mm robust0.5 HOPS-198 - ’) te
L NB - IL 1 1L 1k ]
€ \ !
\ \ /
o ° \ <§ /
o o r 10 L \\ 4L M4b 1k // ]
e \ o | ;
~ \ v
e — — — — — —_— — —_— — — . ) 1 @ ° \
0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) - | v [ ]
HOPS-228 HOPS-232 HOPS-234 HOPS-237 HOPS-241 HOPS-244 HOPS-206 HOPS-224 HOPS-243 HOPS-247 HOPS-250 1 1 b 1 L 1 1 1 1 CL 1 1 1 -1 CL 1 N N 1 N N 1 N l— CL 1 1 1 11
T T T T v [T T T T Lu| T T
Fo V% 1448-C PdBI@231GHz - .- Y ] L1521F PdBI@231GHz ' SerpS—MM18 PdBI@231GHz | GF9—2 PdBI@231GHz
, 1 P ]
Y " : VT 1 r 7
2 .
o o O . B A
O o L 0 o . o i A ] i ] TN A
! s . - % o
/ AN R \\ :
/ ~ ¢
0.25" (100.0 AU) ’ 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) o /C . ~ - 7 MM18q /
HOPS-246 HOPS-254 HOPS-263 HOPS-267 Tors268 - -" Wops-270 r - HOPS-288 0.87mm robust0.5 HOPS-290 0.87mm robust0.5 HOPS-303 HOPS-310 HOPS-316 Y @ 1r T D it \ S S\ it ar h 1T 7
= !
- - |
5 — -, - / N !
. - ‘ rl / ~o \ A |
- . » . / o S\ \ i |
. / [ -1 = -
Q o N 0 o~ > v ] : : o e v
da B . 3 cs K} | . V
. . ‘a . & N 1 .
- . (Y Q N 5 - 4
- ? . I . Ry 1o AT . 11
[— [— — [R— [— [— [R— [— 9 1 S i
0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) “ 0.25" (100.04W! '25“(1000AUJ . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) . 0.25" (100.0 AU) CL 1 1 0l -a |g % 1 1 1 1 CL 1 1 1 m| 1 1 1 1 A 'l 1 1 1

- Perseu
74 Embedded Disks

ODISEA: Ophiuchus
8 Embedded Disks

Stephens et

Dec (J2000)

361.mjy 334.mJy

Dec (J2000)

139.mjy

Dec (J2000)

Dec (J2000)

sl
RA (J2000)

Cieza et al. 2018

RA (J2000)

> E

RA (J2000) RA (J2000) RA (J2000) RA (J2000) RA (J2000) RA (J2000)



/- — — e I S — —————
| 0 . | | ° 0
I. Why Radiative Transfer II. Disk Demographics: The
o f ® o f
Modeling?  Environment of Planet Formation |
1.0—=
’7—777,
z: 0.8}
4007 0.47} HOPS-224 N Al -
10%} 8 0.6f \
:; S00r % 0.2 - 101} g
I’ S > 10° = i
| :“gj 200k § 0.0 Zt 1i)1r ! g 04 " Orion Protostars
5 = 1071k b Taurus Class Is
g -0.2 ) S I
100} 1077 = 0.2 Taurus Class IIs with RT
| 047 b 107°} | " Taurus Class IIs with RT + Size Constraint
\ . \ ot L . L L . 4 \ \ . I L e e e R .\.\_. .
I 070t 102 103 0.4 -027 00 028 04 T S TV N T/ S ) A TR T | 0.0 1071 10° 10! 102 103
Baseline [k A [pm] |

e ——— = _

‘/ III. Substructures: Witnessing Planet
Formation in Embedded Disks? ’

HH270MMS2 HOPS-56 HOPS-65 HOPS-124
- w=y Q ¢ +
|
[= \
o 1 -40 IA.U 1 O | 1 | O 1 | | o 1 :
1 HOPS-140 HOPS-157 HOPS-163
0.5 :

' -
-
PO )
.

| 05} - .
‘ O 1 1 1 o 1 1 1 O 1
05 -00 05
ARA. [']

ADec. [”]




I Why Radiative Transfer |
Modeling? ‘

/ ~
|

‘ I1I. Disk Demographics: The
" Environment of Planet Formation

~e
3 2 0.8
400f 10 =
0.4” } HOPS-224 Al
102 3 wn 0 6 N \
8 .
= 300} ’ - ! | 3
? ______ 0.2 10°f §
= ) = 100} | | B 04}
! 2 200t A 0.0 = | = Orion Protostars
2= < =107 S
£ | § Taurus Class Is
< -0.2 9 .
100} 10 | = 0.2 Taurus Class IIs with RT \
| 04t 107%¢ | | 0 Taurus Class IIs with RT + Size Constraint
0. N N . ) M M M M 10—4 ) N ) J“‘ ( 00 N | N MR | N P | R PR | ‘.\._...1 N P
| 101 102 103 0.4 02 00° 02" 04 101 10° 10f 102 10°  10% 107!, 10° 10! 102 103
Baseline [k A [pm] |

‘/ III. Substructures: Witnessing Planet
Formation in Embedded Disks? ’

HH270MMS2 HOPS-56 HOPS-65 HOPS-124
=N Q ¢ |
|
\
o 1 -40 IA.U | O | | | O | | | o 1 :
| HOPS-140 HOPS-157 HOPS-163
05 !
g 00} _)
4

| 05} - L
‘ O 1 1 1 o 1 1 1 O 1
05 -00 05
ARA. [']




Radio Brightness is a Proxy for Disk Mass and Size

Source distance / (sub)millimeter flux
d*F
1% Gras-to-dust
M,; = B (T x 100 ratio
kyBy(T,)
Disk temperature

Opacity



For Embedded Disks, Envelope Matters

I. Why Radiative Transfer Modeling?




Radiative Transfer Forward Modeling

synthetic observations
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Modeling Embedded Disks in Orion
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The Initial Mass Budget for Planet Formation
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Why the difference in disk masses?
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Why the difference in disk masses?
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How large are protostellar disks?

II. Disk Demographics: The Environment of Planet Formation
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A Diversity of Substructures

III. Substructures: Witnessing Planet Formation in Embedded Disks?

Sheehan & Eisner 2018 Segura-Cox et al. 2020
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When Do Substructures Form?
III. Substructures: Witnessing Planet Formation in Embedded Disks?

s s

Cloud Embedded Disk (<1 Myr)  Protoplanetary Disk (1-10 Myr)



When Do Substructures Form?
III. Substructures: Witnessing Planet Formation in Embedded Disks?
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When Do Substructures Form?
III. Substructures: Witnessing Planet Formation in Embedded Disks?
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When Do Substructures Form?
III. Substructures: Witnessing Planet Formation in Embedded Disks?

Sheehan et al. 2020
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