D

@Qo

The Herbig PoBulgldn ®;

A 1kpc study of Herbig stars
and their protoplanetary disks

Lucas Stapper — Postdoc MPIA

‘ * R R
In collaboration with Miguel Vioque, Andrew Winter, Jonathan Williams, ; . S e 7/ oA
David Wilner, Myriam Benisty, Alice Booth, Sierra Grant, Michiel Hogerheijde tj i%-“g
Wt e



Japhao Thonk

oris B
ALb rsae Major

To17124 H]l:n KOsy

6%

KOL4osab

Kot <‘m\~

lny

Kepler.g2sb ) Kepler:3$9d
(Ex

b HD 178607 Kepler-g8¢

® Kepleere

nn 14300

. ‘
Kepler um.

Kepler15%

KOL409b

Kepler1593% HE

BD 445 05640

s BLG-1042L0

BLG oy

K2.150b

"lwx o o t0ee

% i ‘
ﬂ Kepler-16259 # ' ‘
= o
6 GJ 30820 ¢ Kepler-82% Tor4m2b B

p ** Kepler. 2454
- b S Kepler.3724

K2.304¢ Mlu 3% t )
HD wu.u.\ 70120155 KeplerA78¢ Kepler-798

Kepler-27¢ 10112604
pl 1126 “m(
2 ' TOL815¢

HD 382834

pler- 1510 I .
A HIp 45

BLG.oga2LY KIISH Ko

HD 24040¢

HIp 572744

] 332%¢

Kepler
1784

Kepler-3314

Noifasul
s ~ (HD 1176\8%)

Kepler:388 &
. Ae,.rn 184

G} m\, LHS:  Kopleeane S

m-m ,u K2-208% J w, .
e Kepler-197¢  Kepler-abe
. . K2.4000
¥ '\m\- TO1.178¢ Kepler. 3033 Kepler
Hid
23400
. ‘ °x “ »

Kepler:3$1% 15116961 k: Wi G) 740b

HD 37655

K1C 5010054

+ Sancho
(Mu Arac €)

BLG.2294%

2 HD- KOL.1783¢

331093b

KO1.14308 T01.1231%

K2306b  AuMicd

Go1711>

m: 1aesc

BLG-0954Lb
KIC 1245413
HD 134060¢

—— . GL 96b

7 I‘!”un Kac¥
e Majorts ©

Kepler-395¢

‘ Kepler- 169
S . HD 1840108

Kepler-9760
Pl LT y780¢

>
Grash
BLG.025\0 pler-453A0 1433 A Kepler
15510 TOl.2708

e h,,m 139%
Kepler 1606 K2-310¢
HD .
23869 l 22866
HD 1019300 .

Kepler-610¢

GI 6825 Hyp 1

ror.12210

m pler-61b

cpler-230¢

Kep..13620

KOLa3s6»

Kepler-30¢

Auv 73190
. ‘&

A.,.,, 196¢

Kl
HD 27969 4D

Kepler. 1865

& oo
o @) @ @ 3

Kepler 441
N 7

Kepler-87¢ Keplee 4T

Kepler-48¢  kor.gasv

x‘ . ‘\\\\

10124590

* Kepler-82¢ a0

TOL.209%b

L J KolL111¢
HD 164922 1Ip 41378

R T

Kepler-163A5 . ‘
iese 6870
epler-15460 ‘

Kepler.1143¢

K2.379% -
m

TOL2194%  KO1271¢

Kepler-603¢

Kepler-172¢

- . AURELLS ) S81b = ’
o ATt 'S S 2 HD 101808 TOL-269 k. t
’ Kepoaass  K2.1180 h,,‘ 16840 )
GJ 433d G \.. G 1,.«,‘ Gressn  KIC 1505110 . 1 .‘,.‘, . w0 g epler-165 M.‘I o
KiC sgeaero XOI 0 A‘ o *.x G 306 Meztli Kepler-1500 gy %
Wot pler-170 KOl446c K2.384d L ,.—A o Kepler 178 (HD 104985%) e
- G 3090¢ Kepler  Kepler-127¢ Ko s ® .
. n"- ' 1388 HD 79240V 1298 Tau € 0, A
e @ M., , ‘ L@ e Y
o0 :

24 i g Ed R
Kep.2amd Kep.-1730
oo o O @) T @
Kepler:303¢ Keple b
pler ».. e
o Ko TOL o ) » =

HD 331424 l s

W Keplerst7c

Kep 132 g Kepjepyzad ’\q)hr I(‘Sn\:\‘

Lp 793180 G) 20300

Kepler Ko1.23¢ Kepler. 2260 K2 (R

HD 108236¢ 3 .
-~ .
L E X N ® HipJonsh

2213 Kepler:27™ kopgam K
Kepler: Kagler - o or s 166 Bsb t> sparre B Koi-sAb

GJ
‘\"*“ 194

HD 1ath TOLANLC

[

Kepler-92¢ HD 76580 4 X2 A
v 285 » b 28
’ HD 52780 G136 koot Kepler-1213%
e, Kep.-3220 .
29700 K238 Kepler-gab Sme;
Hn 7320 Kotz L HD}
K2.183¢ g
- Kep.788¢
——— ol
S T —— S 1228b Keple
= Kepler 8210 3 -
™ rorimre X

epler-560

\\ \ Kepler.218b ( He gss XO!

>
N Kepler-1074 10120000
V

-;'vt Kepler-217¢

Kepler- 164
& 1 |
Kepler-373 |

o
W ot

Keple.372b

@

Kepler-230

504 »F .
Kepler.144¢ K2.390b %
" i K23524 TrES
HAT. = Az:u-»- \,‘ Kepler-A71h S K228 (Lowey oo,
{AT-P-67Y ‘ o, ; "
(Largest known) . \
¢ [
plor- 5360 TOI 451h
N i Kepler-806b rerS M"”
A K2:3780

Kepler
hae
Kepler !
ahe

Kepler-Ab

Kepler-348c |08

Kepler-25¢

-

9259 AY ' - . Kepler 1693 LHS 3844b d 4§
136925% ’ . - ~ Kepleratod Kepler-1 HS 3 ® D207 . MWy ) -~
'\ u ,\u\ \~\ Kep..1499 23814 o % & Keple N -
1d TN Kepler-4 Kepler-soe K238¢ 00 Kepler @) Kepler 647 A.—,.\,, 23¢ ,i e . 4
Kepler NG Kepler-65¢ “. v " M . it pAmaters i " Kepler-14t¢ e
|| ] K2.387% Kepler.199  HD 219148 e . - e pailon Taurt ¥ e Keple a K2t Kepler.200
KOL54S4% 0541% BLG.0516b GJ 150b . . ‘\ < . 3%4b x.,,.u 2500
5 Kepler-967¢ 2 rm Ye0k< A2 ket .

Kepler-150¢ e Kepler-82! Kajoon Kep & A . .n.\‘ Keple Kepler-1 P ;
b CoRot-7 XOraslek epler-164¢ - :
Kepler-106¢ Kepler.49b or g . Keplerasse Krglomog
S K2.374 ) - (HAT-P-5b)

r,| srah K2-188¢ T01.763¢
Kepler332¢

Crase mh..w .

Pi Mensae & .
el t,mw« ,’h »
g e u.\ Kepler-17 epler-11¢
Kepler-126 P P P
Thac \‘,,m,,,.\
Kepler-26
Mvm iy
Kepler- 16745 ¢ ) m; 1801 1011788

Kepler -
Kepler-35% e

K

Prosimad pler-258

GJ 876¢ HD 1551930

UI G-1492%

Kol 5029

Kepler '

1656¢

Keplee Teegarden® B, 0
s L F Tau Ce

K2-384

Kepler.3578 ‘
.h,,m 1388
. Kepler. 836 Kepler

Kepler-16720 o, ‘ L]
TOL-1246¢ HD 93385¢  KOI.29268 . Kepler-118¢ GJ 3998b L
-]  TOL12e8b D 9338 1.292% . o Kepler-1 ] ; ”
HD 403071 ol h @ roin S @ S
2 1298 Taw € HD gannae . i Kepler-106 bt
epler-4a6c

HD jo3349%

Kep.1544t

Ugarit < Keplet

(HD J1xs66

HD 200013

Kepler- 414 : “ L) “ﬂ . h-pm.w:k.
® ’ ¥ Keple o il Kepler .

9660 Kepler. 521 354 - 186¢

BLG-208LY

BLC

Galileo

=
(55 Cancri B) KepoA1570

= @ o
B s : -

4iab

101 1726¢

. HD 371240

14500

HD g3260

Kepler.12

. $5.p Kepler-#1¢ P 70 A»,‘\,, b

rmx we o

KIC sopa1>

> Kep.134% i c
oy e TO1 1(.-)» : ” DU Kepler epler. 3328 Kepl 1360 ® A.r\,,n\\v Ko ik e
‘\vva“ 150 ‘ BD4ss 03620 75 Kepler-17 . . - . e h¢ 1 39290 Kepler-159% . Keplr mlvv
HD 371244 A,,.(,w h” ‘m\v Korz7s™ i i ‘ Foprref ‘ o~ . MBS HD 13w A.,‘v‘.,.m
Kepler. 16610 mm "

Kepler35 A(,.\.,

,,, 335h

AR

HD
Mintome l i
(HD 208487 K2 l 5 Hip s7274¢ K2.1388 4 mv 178¢ K2.40%b
Kepler eplet HD' G
2961 Kepler-296 Kep \,, 1864 . m"w 9
A,..m e e 7 -

HD 14737

Kepler-90h

TRAPPIST
1

TRAPPISTA®

HD 829434 HD 1571720

Kepler-a11d P Keples

TOL12 *I‘ ot
Aumatex k‘ 72b Kepler:iate 31 swle Im e b e Kepler: 336
(HIp 12961%) eplersily u,, 3aaasd . s
- 44 Keplee-102¢
epler
® ‘ Kepler ’ ‘

Hnm.«b»

" BLG.0s06Ld ‘
G.0306L mx

BLG.2631LY S 184

K2.2294 HD 1082364
vyt L K23b
S *'H plee-1148 HD joK23

K21364 , Lurten ¢ Kepler
r— r—

ikl GJ anh .
B 35 g Keplersht Kepler4ddS

Kepler-474 »/u !

W
K2z Kep.271b 2
2z Kepler- 3050
> Ve ‘ TOL42Ne

K2-32b ’ ;
TOLs61¢ L K2.388b A.,,h, 1320 106+

R Kepler. 1630 E) 7z ;’

Keplee-914b

TOL.178b

KOL.15570 Kepler 299

TOL763b TOLRYY

Kepler
106¢  Kepleeasic

Kepler

Kepler.84¢
Pl FHTY

Kepler-s6c o

Kepler-1342¢

KOLso0: gy Kepten1sath
@ gl

Kep.anie 800

Kepler-180

Kep.434b

Kepler-2030
Ke

o i
B Keplera42e
Eburonia s

(HD 45674 Kep.aonn Ml Kepler2s®

Keplera0b Keple

S Kepler-A06d b Keplersad
-
HD 251000 NS

Kepler.03

Mastika
(HD 1799495

lm 4584 TOL2aASY HD 15829%¢

) HaT: pAp\» wm, W Sl N
® - Aq\un'\v HD 10180¢ b -, -
M-\u 1060 HR $38¢ Kepler  Keplee 4

ToL2427%

®

o1

Kepler

Kepler-1280%

Kepler-2958 A., ' A.,v r 8420
it

2407¢
M[vkv 206 GJ 9827
Kepler
o
— Kepler-3250
r‘ 30 Kenter.92b

.‘ T )

TS coathh Fens




LG
’ BLG.291b BLG-100%

4Lb

BLG.g735L0
MOA
1926

nu asib BLG-10420L0

HIp 572744

GJ 3max

+ Sancho
(Mu Arac €)

Go171»

3

BLG.22940

BLG.0954Lb

KIC 12450613

HD 134060¢

. GL9b

Kepler a1

Kepler- 16000

phao Kae¥
esae Majorts ©

. o

>y A

HD 164922% 1o

HD 136925%

. B

LG
KOIL54545 o551t

GJ 414 Ac

HD 261610

BLG-1743b

BLG-208LY

P Mcnucb

Kepler-15460

BLG.05160

74 hao Thonk
e Majors®

Kepler-1593%

BD+45 0564

BLG.os42L

HD 24040¢

HD 3765%
KOL1783¢

Kep..1554b

N

S Keple
Kep 1362 o iysen

HD 27969 Ho,

—
BLG.025\%

* ‘HD 71990

Gliese 6374

pler m-\"

Keplee-1143¢

7752 Ab

Keplee-150f |

A(,m 14100

uijote
(Mu Aracb)
Kepler-amb

KoL.56
A,,.xn 1osds 016

Kepler
1500

GJ 876¢

Kol 5929 d

Kepler  Teegarden b

1S . H

Kep.-ismb y o

A,p,.. 1%
Tor. lo‘w

A(Nc( 1504

A,;-uuvw

Kepler. 16610 um 1ST-Ae
KIC sopar

HD 829438

BLG 030615 ‘
o

BLG262LY

HD 156668¢

Tor-225M

HD 1% e




" Aaphao Thook

5)
esae Majorts ®

Caothy LS.
’ BLG.291b BLG-100%

o

KOL4asab

Kepler. 1590

BD 45 0564

BLG.os42L

HD 24040¢

HIp 572744

GJ 3¢

HD 3765

+ Sancho
(Mu Arac )

BLG.229¢0

KOL1783¢

KOL43%¢ I

HD-
331093b

Kep.-15540

Go171»

BLG-0954L0

A.,, 1362t

HD 27969

KIC 12450613

HD 134060
GL %6

Kepler 441¢
?

)
‘trae Major'®

Kepler. 16009

Im u,.wv 101715 HD 7199

Hiese 657H
epler-1546 ‘

Keplee. “.\.

K
HD nm«-.\\ ' Ab ”?)m|m§
s Arae b)
” 0 ‘
Anl S434b .
< 2 ” .

oss BLG.0316b

Koj.s6220

GJ 414 Ac

GJ 876¢
Ko159200

Kepler Tecgarden's
154 ¥

p.-1544b

KOI1298¢
Kepler-884

LG
Wb

= ‘.»‘.,

p; \hnuc\.

KIC sopard

Tor lo‘m

Kepler 16610 Tro uu\ e

Kepler190f

HD 371248

HD 529434

HD 156668¢

BLG.0306L0

o "H

To1- 2257
HD 1% A U - RS 4

HR 8799

2009-07-31

20 au

(Marois+ 2008, 2010)




£ty USSP
BLG.291b BLG 1003

Japhao Thong
47 Ursae joris '
ALD Utsae Major
¢ Kep 15480
. BLG.o73510 .
MO
1926
- Kepler.1593%

ooy BLG-1042L0 .

BLG.os42L

HIp 572744

GJ 3sa%¢

HD 376
BLG.0954Lb
KIC 124501

HD 134060
. Ly
Kepler-aa1e
Kepler-16000

HD 164922% 101710

KOI44I™® Gy 3gnc .

Kepler-1546

BLG.05160

+ Sancho
(Mu Arac &)

Kep.-155

®
HD 27969 | HD

Taphao Kac¥

f Q
¥ Utsae Majort

9b

Gliese 6570

* HD7

Kepler 16380 .

Keplee-143¢

HD 136925%

.m

G
KOLS44b ossrh

GJ 752 Ab

Keplee-1508

Kepler-gnb

Kepler.967¢
oy
Kepler.os® O

Keples
15406

GJ 414 Ac

BLG1492d

Kepler.A4100

LG BLG-208LY

] Y
2 ' Kepler122 T
pi Mcnucb * OI-16
Hp 371248+ (8 ‘A
Kepler 16610 Ty

HD 829433

1198 HD 156668

BLG.0506L ‘
a To1.2257

. BLAAd MDIM « e b

BLG
102508

FiR279"

2009-07-31

20 au

(Marois+ 2008, 2010)




Giant planet occurrence rate
peaks at intermediate mass stars!

observed planet rate
cccccc ted occurrence rate &—o—@
Eq.6, f(M,MEAN{[Fe/H]}sompe) =~
Eq.6, MEAN{f(M,[Fe/H])}

bin

(from Wolthoff+2022 , others e.g., Johnson+2010, Fulton+ 2021)



Giant planet occurrence rate
peaks at intermediate mass stars!

observed planet rate
corrected occurrence rate &—e—@
EQB, f(M’MEAN{[Fe/H]}scmpIe) -
£q.6, MEAN{f(M,[Fe/H])} oo .

P
—
I
N
()]
L
—
=
=

(from Wolthoff+2022 , others e.g., Johnson+2010, Fulton+ 2021)



Protoplanetary disk population
studies lack higher mass stars!

‘Stellar Mass (M o )

Data from Manara+23



Protoplanetary disk population
studies lack higher mass stars! o

Herbig stars!

Missing
higher
masses!

1

Stellar Mass (M g )

Data from Manara+23



Herbig stars!

i iph

Herbig stars are the more massive

laumus

counterparts of T Tauri stars: . Lupus

Crdy
Chamill

Chaml

1. Stellar mass > 1.5 M,

2. Infrared excess is detected

and/or
3. Ha emission is detected

1) | 1 I':I“

‘Stellar Mass (M g )

(Herbig 1960; Waters & Waelkens 1998; Vioque+18/22/23; Guzman-Diaz+21; Valegdrd+21; Brittain+23)



H e rbig Sta IS ! Stapper+22/24/25a/25b

Herbig stars are the more massive
counterparts of T Tauri stars:

1. Stellar mass > 1.5 M,

>60%
2. Infrared excess is detected Ny - within 1kpc are
still missing
and/or ] millimeter data!

3. Ha emission is detected

1) | 1 I':I“

‘Stellar Mass (M g )

(Herbig 1960; Waters & Waelkens 1998; Vioque+18/22/23; Guzman-Diaz+21; Valegdrd+21; Brittain+23)



A survey within 1 kpc

Combination of different works:
Vioque+18/22/23, Guzman-Diaz+21, Valegard+21

Catalog with archival, recalibrated, and newly derived stellar
parameters, accretion rate properties, and disk masses

-—:] i iph
1 USen
1 Tourus
Lupus
Cra
Chamdll
Chaml

0 F 79 Herbigs 522

F A Al Herbigs J_
SN

v |

o 10" 10’

Stellar Mass (M g )

Logip(L) (L g)

0.2

LogipM. ) (Mg

(.4

.6 (L

32 40
Li‘-'j\l][:.fT.gf*] (k)

Stapper et al. in review



Stapper et al. in review



Archi

NOEMA data: Stapper+2

New data:
- ALMA X
* X

LMA data: Sta

(P.L.:
(P.I.: L.

.. M. Vioque)
.. M. Vioque, J

p

"ZZ,ZSb

200 au

Stapper et al. in review



200 au




1. Optically thi
2. Opacity p

dex
3. Dust temp

Stapper et al. in review



Disk mass vs Stellar mass

@ Herbigs

@ T Tauris (Manara+23)
o

LAAAAJA

75 100
Stellar mass (M g ) # of disks

Stapper et al. in review



Disk mass vs Stellar mass

@ Herbigs
@ T Tauris

7 '
ol
-

-
-3

Stapper et al. in review



Disk masses

B Herbigs
| Lupus
1 PpeT Sco

- Herbig disks are significantly
more massive!

Consistent with Stapper+22,253,25b

| -‘:'gllj'[‘ T'l."'ldugt_ﬂ lM @)

Stapper et al. in review



Disk masses

=1 ——
B Herbigs
B Lupus
B Upper Sco |

P {?""Idu::..t]'

r—| PR W ———

o B 2 . T - 0 | 2
Logio(Mgust) (M &) Logi1o(Mdust) (Mg )

Stapper et al. in review



Disk mass vs Stellar mass

1 8 ‘r‘

@ Herbigs

@ T Tauris (Manara+23)

Stellar mass (M g )

Stapper et al. in review



I"-l 4 [I'"-l i .:I

[ | &=

—
"I e Herbigs
® T Tauris (Manara+23)

Stellar mass (M g |

Stapper et al. in review



Disk mass vs Stellar mass

M. (Mg)

pos o7t el ke 03s

Disk masses peak at 1-2 M !

Logio(Mgust) (Mg )

4
B
[Tyt

0 =05 00 05 L0 15 20 25 3 S T T Y
Logio(Mgust) (M &) LogipiML ) (M &)

Stapper et al. in review



High disk mass occurrence rates

High disk mass occurrence rate peaks at
the giant planet occurrence rate!

| — Mg

Giiant planet
=== pCCUTENCE rate
(Waltheff+22)

n

10 085 00 05 L0 1.5 20 25 1 5 1o 05 oo 0S5
Logio(Maust) (M & ) LogigiM.)(Mg)

Stapper et al. in review



Accretion rates and dust masses

178 Herbig stars with accretion
rate properties

* Accretion rate — disk mass
relationship is flat

* No low disk mass / low
accretion rate objects

&N
L

=
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—
—t
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-
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e
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og10(Tefr) (K)

l <
-] o O
|

4.0 -3.5 -3.0 2.5 2.0 i 1.0

L(ng(_')( [\/1(]“5[ X ]()U) (.\l 0] )

Stapper et al. in review, see also Grant+23



No change with age

* No low disk mass / low
accretion rate objects

* No significant changes with age

Logio(Mgyst) (Mg)

Stapper et al. in review, see also Stapper+25b



The long lived disks of Herbig stars

Case 1: planet driven

N

o

"

Accretion rates
are still very high

Stapper et al. in review, see also Stapper+22/25b



The long lived disks of Herbig stars

Case 2: infall driven

e 7N

*
*f***
G

Stapper et al. in review



The long lived disks of Herbig stars

Result:
Herbig stars + Disk-less IM PMS stars

Stapper et al. in review



Conclusions

o Catalog of 243 Herbig stars within 1 kpc with stellar
parameters, accretion rate properties, and disk masses

o Disks around Herbig stars are more massive than the
disks around T Tauri stars and we find a bimodal dust
distribution for Herbig disks

o Clear evidence of a decrease in dust mass above
2 M, and the peak occurrence rate of massive disks
coincides with that of giant exoplanets

Herbig stars <  Disk-less IM PMS stars

o Herbig stars are the surviving disk-hosting population o o
part of a much larger underlying population mostly
consisting of disk-less stars
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