Credit: ESO/B. Tafreshi (twanight.org)
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Within your disks there might be a planet, but there surely Is a star!

Artist impression for R. Garcia Lopez, GRAVITY et al. 2020. Credits: Mark A. Garlick



The evolution of protoplanetary disks

Prestellar core

7

Parent cloud

Magnetic fields

Viscous evolution
(a-disk)

e.g., Lynden-Bell & Pringle
1974, Hartmann et al. 1998

Prestellar phase

Dead zone

A\
Y

|
~1 au

~100 au
2 4—44_’| \ \
O
< ~0.1 au
5 . . :
- . Wind ik (B, 2018) —— Wind-driven evolution
o 10000 wind-disk (Suzuki et al., 2016) -
£ | apha-disk e.g., Armitage et al. 2013,

Bai et al. 2014, 2015, 2016,
Gressel et al. 2015,
Simon et al. 2015

1000
100 f

10 }

01 }
 Morbidelli & Raymond (2016)
0.1 1 10 100 1000

Disk radius (au)

Pre-main-sequence phase

0.01

Disk surface density 2 (g/cm?2)

(Adapted from Andre 2002)
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The evolution of protoplanetary disks

Prestellar core

7

Parent cloud

Magnetic fields

Viscous evolution
(a-disk)

e.g., Lynden-Bell & Pringle
1974, Hartmann et al. 1998

Prestellar phase

Dead zone

AN

Wind-driven evolution

e.g., Armitage et al. 2013,
Bai et al. 2014, 2015, 2016,
_ Gressel et al. 20195,
Photoevaporation Simon et al. 2015

e.g., Alexander et al. 2014,
Ercolano & Pascucci 2017

A
J ~1 Iau

~100 au I I

~0.1 au

Protostellar phase

Pre-main-sequence phase

(Adapted from Andre 2002)
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Studies of accretion and winds with HST

Velocity (km/s)

R ) — — — e -800 —600 —400 —200 0 200 400
i Hartmann, Herczeg, Calvet 2016, ARAA 3 i i '“;‘e’s‘e"a”‘bs°f'°“°“ RU Lup
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HST gives access to the most direct ) i L
49520 1334.0 1336.0 1338.0
' I ' Wavelength (A
probes of accretion and disk winds avelength (4)

Xu, Herczeg, Johns-Krull, France 2021
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Stellar and accretion properties from the ground

Manara 2017, SPF Newsletter

| p— | _

c 10712

C

S~

R Target spectrum
51073 v e

~— Balmer

u continuu Ly arihald ot T

O) — e U Tt o S .

O 107 e N Al ' pestit

X 5pheric template

31015 _
L

400 500 600 700 800

Wavelength [nm] .
Spectroscopic surveys:

& Photospheric templates: Class llIl YSOs Lupus: Alcala et al. 2014, 2017, 2019
(Manara et al. 2013a, 2017b) =¥ SpT, Lx Chamaeleon I: \lanara et al. 2016, 2017
& | Upper Scorpius: Manara et al. 2020
* Isothermal hydrogen slab model for the 0-Ophiucus: Vanara et al. 2015
accretion shock spectrum =» Lacc o-Orionis: Rigliaco et al. 2012
g“; Extinction values + reddening law =>» Ay Taurus: Herczeg & Hillenbrand 2008, 2014, in prep.

TWA: VVenuti et al. 2019
NGC1333: Fiorellino, Manara et al. 2021
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Studies of disk winds from the ground

BC+NC-type SCJ-type SC-type

DGTau CWTau Sz98 V836Tau TWHya
(12) (61) (57)
| |
£ w . / |
e ! 27 !
-200-100 0 100 -200-100 0 100 -200-100 0 100 -200-100 0 100 -200-100 0 100 -200-100 0 100
Velocity (km/s) Velocity (km/s) Velocity (km/s) Velocity (km/s) Velocity (km/s) Velocity (km/s)
BC+NC-type LVC SCJ-type LVC
(MHD wind, mostly associated with larger HVC velocities: ~200 km/s) (MHD wind(?), mostly associated with lower HVC velocities: ~120 km/s)

Banzatti et al. 2019

‘:l":‘“- jt ~350 ""‘\l’f |
pe | What sets this dichotomy in LVC | /t
A 11 and its link to the HVC velocity? f el

—ram P —em n: 1 0

niaat <0 LVC: narrower lines, larger blue-shift

LVC: broader lines, larger blue-shift
when accretion/jet is stronger

when accretion/jet is stronger

SC-type LVC
(no HVC, possibly an uncollimated slow disk wind)
P —N > Py (innar cawt .":I ﬁ
.. o : 5 Nia-ay increases . > : 5
(inner disk becomes
LVC: smaller emitting radius, denser/ aptically thin) LVC: larger emitting radius, thinner/
hotter gas, small blue-shifts colder gas, no significant blue-shifts

See also Rigliaco et al. 2013, Natta et al. 2014, Simon et al. 2016, Nisini et al. 2018, McGinnis et al. 2019, Pascucci et al. 2020, Weber et al. 2020
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Hubble UV Legacy

Library of Young
Stars as Essential
Standards

500 orbits of HST COS/STIS
for low-mass stars (Director’s
Discretionary program)

Pl Roman-Duval

Accretion in the ULLYSES era - MIAPP - 26.10.2021

A world-wide collaboration

Outflows and Disks around
Young Stars: Synergies for
the Exploration of Ullyses

Spectra

Team of over 50 international T Tauri

star experts who are using the

ULLYSES data to study accretion,
outflows, and inner disk composition,
and coordinating complementary

data collection efforts.

Lead: G. Herczeg (KIAA Beijing),
C. Espaillat (Boston University)

PENELLOPE
Large international team
acquiring complementary data
with a ~250h Large Program
at the ESO Very Large
Telescope (VLT).

Pl: C.F. Manara (ESO)
Data public

Several other teams are
collecting photometry, high-
resolution spectra and more.
Observations are coordinated

with TESS.



PROGRAMME STRATEGY: contemporaneous observations

A~113-180 nm, R~18,000
A~150-570 nm, R~500
A~165-315 nm, R~3,000

A~300-2500 nm, R~15,000

/_—\ /\

/ \ / \
\CSP‘;?.S,%.? \Cspf.?s,gg
\v/ \v/

-1/2 days day(s) of the HST
observation
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AF, (ergs Ycm ?)

GM Aur

L/'J“" ' HST COS/STIS:

L COSGLZ0M4+G160M
L,/“-W" NUV/FUV spectra, hot gas
lines, Balmer continuum...

| ﬁ | (Espaillat, Herczeg et al. subm.)

W

155

X-Shooter (absolute flux calibrated): ﬂw@
Stellar and accretion properties, extinction, emission
lines down to 2.5 micron Manara et al. 2021

— A~380-788 nm, R~140,000, E>F RESSO/UVES:
# Av~2 km/s Photospheric properties (logg,
e \ Alternative: UVES vsini, RV, veiling...) and line
\C ) A-330-680 nm, R~70,000,  kinematics (with variability) to
Y Av~4 km/s study accretion and outflows

+1/2 days




Sample properties

Nov-Dec 2020 TARGETS FROM HST/ULLYSES

I_.og of stellar mass p= ® Monitoring targets A TOtaI ~ 70 targets

(in Sun masses) 0 § °o v - (multiple HST epochs)

2‘35 ; £ ? Cé : 0 Single HSTepoch ) & Nine nearby star-forming regions

(0 i o : = % Ages from ~1 to ~10 Myr

® X ° . ® * Masses from ~0.1 to 2 Msun

! o  Mainly accreting targets

o i ) ’  Different disk types (e.g.,

§ ° s transition disks, full disks)
0.1 . * Four targets will be monitored for

| three consecutive rotation periods
1 2 3 4 5 6 7 8 9 10 for two times in two different

Age [Myr] years
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Sample properties

Log of stellar mass

(o .
®
(in Sun masses) Monitoring targets

©
L
3 9°353 5 & © To be observed
- > b O ® .
<8 o0 8 3 s g\ Observed with VLT
Cg § O 2 5
W O <
1 8 ° o 2
O © - : 8
® o ® ® ®
O

C
PO @ OO O

O
O
@)

1 2 3 4 5 6 7 8 9 10
Age [Myr]
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TARGETS FROM HST/ULLYSES
Total ~ 70 targets

* Nine nearby star-forming regions
* Ages from ~1 to ~10 Myr

* Masses from ~0.1 to 2 Msun

* Mainly accreting targets

* Different disk types (e.q.,
transition disks, full disks)

* Four targets will be monitored for
three consecutive rotation periods
for two times in two different

years



SCIENCE: stellar and accretion properties

CV5017/6 - Ay = 1.0 mag - SpT M3.5

Method: Manara et al. 2013 — CV50176
— TWA15_appl

—— Best Fit

-
-
l
-
N

-
-
I

(-

A

Flux [erg s™t cm™2 nm™!]

400 700 1000 1400 2000

Wavelength [nm]

Manara, Frasca and the PENELLOPE team, 2021

Derived mass accretion rates in line with

those in other star-forming regions with age 15 —10 =05 0.0 0.5
~1 - 5 Myr. Large spread, larger than logM., [Mg]
Vari abl I Ity Literature Data: Manara et al. 2016a,2017b,2020

Alcala et al. 2014,2017

FENELLOpE-
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SCIENCE: accretion variability

CVSO0109 - Hbeta

CVSO58 - Halpha

i lCVSI058_:ep1 { ! T I lCVSI0109I_ep1I o L 10 CVS0107 epl | [ ]

X [ —cvso58 ep2 - X g | —cvs0109_ep2 | < T CVS0107 ep2 l -
D 8F—cvsoss ep3 : - = | —Cvs0109_ep3 > " —— CVS0107 ep3 = E
g— | —— CVS058_XS Y— — CV50109_X5 g - ——CVS0107_XS @)
© © - S — C\lh
O L U Q - =
D 6 = 6 N - 3
(O B ¢V - E ~|Ll:la
e L & c aQ
S | S > 3
Z 4 Z 4 e g
& T | - i - N
> B | ) = Q
=" ) = 5 2
£ 2 | £ 2 - =
o+ N : 4 B D O
- | - - %
@) I O @) ©
O | O O L - A
O — I : : : : : : : I I ~ O —_— I ] ] | | I ] ] | | I — ©
—500 0 500 0=556 0 500 b
' : : o
Velocity [km/s] Velocity [km/s] Velocity [km/s] ;
)
>

Little EW/flux variations in the line emission on timescales of ~3-4 days, but more

Important variations in the line profiles:

- variability of accretion rates less than factor ~3 (e.g., Costigan et al. 2014, Venuti et al. 2014)

- complex and varying structure of the accretion
flow on short timescales (see also Campbell-White et al. 2021)
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Wh at a b O ut va ri a b i I it ? Accretion variability from minutes to decade timescales
y = in the classical T Tauri star CR Cha*
G. Zsidi-24** C. F. Manara!, A. Késpé12~3°4, G. A. J. Hussain!:3, P. Abrahiam2 4, E. Alecian®, A. B6di>7, A. P4l2,
and P. Sarkis?>

le—9 2006 o 2018 o 2019 L 2019
= Y x i 7 7 7 / 1
& s .
5.0 .
o ¢ |
4.5 - : - -
>40- _
3 $° e {
7]
EU 35‘ .. .. [
P &
= 3.0 & B
2.5 ® o ® L
RE]
2.0 A :
J y 4 J Z . rd Z
3832 3834 3836 3838 3840 3842 8180 8182 8184 8186 8188 8190 8634 8636 8638 8640 8642 8644 8694 8696 8698 8700 8702 8704
|D - 2450000 JD - 2450000 JD - 2450000 D - 2450000
5 Accretion variability is within a factor ~3 on timescales of a decade
0 ; 5 : | See also: Costigan et al. 2012, 2014, Venuti et al. 2014; Espaillat et al. 2019
g o . | ' Fischer et al. PPVII subm.
S & &
=04 i
> s %4 :
% 0.2 '
(ad i
Sl by :
0.0 ¥ 3 d :
Hours Days Months Years Decade
0 1 10 100 1000

Log(AT) [days]
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SCIENCE: slab model in the UV range

CVS058

_T/X-Shooter
notosphere
ab

— HST/STIS

200 400 700 1000
Wavelength [nm]

The UV flux from the slab is slightly lower (~10%) than in the HST spectra in this first

set of data. Possibilities:

- wrong extinction curve in the UV?

- too simplistic assumptions of the slab
(e.g., single temperature)

Accretion in the ULLYSES era - MIAPP - 26.10.2021

Manara, Frasca and the PENELLOPE team, 2021




@DYSSEdS

SCIENCE: accretion on the HST side

10~° -

CVSO 109A

10710 -

e —

H

\

—— HST+XS data\

—— Photospheric template
1x 10 ergs—t cm~? (f=5.5%)
1x 10 ergs™t cm™2 (f=1.7%)
—— 1x102 ergs™t cm™2 (f=0.1%)

Espaillat, Herczeg and the ODYSSEUS team, subm.

Inner wall
—— Model fit

0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1.0 2.0
Alum]

Multiple components are needed to fit the spectrum from UV (HST) to NIR (X-Shooter)
Typically a factor ~1.5-5 difference wrt single component fits
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SCIENCE: winds on the HST side

1 I | | | I i I |

[ Si III 1206.5

rrrrrrrrr

1000 §

100

Normalized flux

——
O
LI

log Normalized Flux

] el M TR DL T
-150 -100 =50 0 50 100 150
Velocity (km s™)

1.0

Espaillat, Herczeg and the ODYSSEUS team, subm.

().1 1 l 1 1 1 l 1 | 1 l 1 1 1 l 1 1 1 I 1 1 1 l 1

-600 -400 =200 0 200 400
Velocity (km s™')

New possibility to combine high-resolution optical spectra with UV spectra to trace
fast, cool winds (Si lll, C 1l...) and cooler winds ([Ol], H2)
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PENELLOPE - Science results PENELLOPE:

; - The STAR-MELT Python package™ for emission line analysis of
PENELLOPE Il. CVSO 104: a pre-main sequence close binary YSOs+ Fy packas y

with an optical companion in Ori OB1*

A. Frascall H. M. J. Boffid2) C. F. Manara2) J. M. Alcald3! P. Abraham?! E. Covind3) M. Fang® M. GangiZl G. J.

Justyn Campbell-White,' Aurora Sicilia-Aguilar,! Carlo F. Manara,?

{ . - . . | . 13} 1 " 3 " 4 . . 5,6,7
Hcrczcg—gl, A. Ké6spi 41509 1. Venutil® £ M. walterL] J. Alonso-Sanuag(m, K. Grankin12) M. Siwak®, E. Alecianl3] Soko Matsumura,” Min Fang”, Antonio Frasca,” and Veronica Roccatagliata
and S. Cabri
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E '||.| . ‘l )
h A ’ ¢ , , e :
e 20 B i \" "‘ ' - 8 5 :
;;. “‘.‘ ‘l‘ %@ % 4 B - = 2 o
P f ) / 3 . i ;, = 7 I : A : 21 Y
0 - \ ,"/" " ‘ ! "—,,')0 0 41'» — k —_-;/)o 0 : 200 = -200 o: 200 E n-:oo 0 - 200 -
| \ /'/ “ Velocity (km/s) Velocity (km/s) Velocity (km/s) Velocity (kmy/s)
' ".\ I| -
| ‘-__-- ,"_/ ' L N n " " " . "
g o P % Rotating and infalling material in the inner disk
RO B e i of CVSO109

0.0 0.2 0.4 0.6 0.8 1.0
Phase

A new spectroscopic binary
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Disk mass - accretion rates relation

10™°
MHD winds, external
hoto- tion, dust . .
107 oo - Viscous models predict a
- L tight correlation between
> 7 L —= mass accretion rates and
2@ 10 g Quasi — steady StatiM ooretion rat
_ = Internal photoevaporation,
E planets !
1 O . ViSCOSity See also Hartmann et al. 1998, Jones et al.
2012, Lodato et al. 2017, Rosotti et al. 2017,
Winds Mulders et al. 2017, Somigliana et al. 2020,
) Tabone et al. subm.
10 —-10
109 101 104
M disc[M jup]

Manara, Ansdell, Rosotti et al. PPVII, submitted
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Disk mass - accretion rates relation at ~10 Myr

| 1 | | _
me \/iSC 1 Myr

Manara, Natta, Rosotti et al. 2020 @ E, - Usco | Visc 8 Myr _
0) _8 e B T —— ]
= I 1 _
8 10 i —__- _______ T T B
C — — = —— —— —
S i 1 i
) i -—- 1 i
O i 1 _
— 12 i I N TR TR N T e i A R RN AN R TRt
-4 —2 -4 —2

l0g(100-Myisk, dust/M o )
Current data are in tension with
pure viscous evolution:
» wider spread of Macc
e [ittle (n0?) evolution with time

e an effect of dust evolution?

Manara et al. 2076b, Mulders et al. 2017,
[odato et al. 2017, Rosotti et al. 2017, Manara et al. 2020,
see also Sellek et al. 2020a,b; read also Hartmann & Bae 2018

IOg(lOO'Mdisk, dust/M o )
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Disk mass - accretion rates relation in o-Ori

| Bettoni, Manara, Ansdell et al. in prep.

Highest accretion rates measured

closer to 0-Ori together with
strong forbidden lines: external
photoevaporation?

Manara et al. 2076b, Mulders et al. 2017, Manara et al. 2020,
see also Sellek et al. 2020a,b

—4.5 —-4.0 ) ) - -2 o B -1.0

109(100-Myisk, dust/M o )
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Exploring accretion In the earlier phases

Prestellar core

Parent cloud _é_
t=0 : Class | from the
P T T same star-forming

region (coeval) have
higher Macc than
Class Il by ~10-100

Fiorellino, Manara, Nisini et al., 2021

Protostellar phase

Transitional disk

-1.0 -0.5 0.0 0.5
log,,(Mass [M_])

Class lli
\\_//
(Adapted from Andre 2002)

Pre-main-sequence phase
i
[
N
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Credit: ESO/B. Tafreshi (twanight.org)
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TAKE HOME POINTS:

Accretion and ejection processes are key
to understand how disks evolve.

Combined efforts (e.g., ULLYSES/ODYSSEUS/PENELLOPE) will
allow us to better constrain accretion/ejection mechanisms

GREGORY J. HERCZEG CARLO F. MANARA | g5+

Associate Director of Science, Associate User Support Astronomer = ()
.z Professor, Associate Speaker & @cfmanara 5
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Disk mass - accretion rates relation

Viscous models predict a

tight correlation between

mass accretion rates and
disk masses

See also Hartmann et al. 1998, Jones et al.
2012, Lodato et al. 2017, Mulders et al. 2017,
Somigliana et al. 2020

—4.5 —4.0 —3.5 —3.0 —2.5 —2.0 —1.5

Rosotti, Clarke, Manara, Facchini 2017 IOg (100 -M dust) [M @]
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Disk mass - accretion rates relation at ~1-3 Myr

(O ™  |Manara, Rosottietal. 20166 W] . .
| ®  Lupus (see also Mulders, Pascucci, Manara et al. 2017) 40'\:“: -7 ] Macc COrI‘elateS ~ I|near|y Wlth
—7H & Edge-on \'NL&QQ _ - _ : :
| & Non acc el - 7 i ] Madust, No correlation with Mco.
1oL 40‘\\{,,3\,(\“- With a gas-to-dust ratio of 100
B - 7T \ act P z o "
R T W R gt _ the results are in general
S i i ‘ agreement with viscous
= -of Pt IFigpEac =" - evolution models
l_L: : T — ’_ A — () ]
S I . T
= _10f il "
S | " 1 ...only if the viscous timescale
= ] ' IS ~1 Myr
—1 1__ _ - | - + - Mulders, Pascucci, Manara et al. 2017
- i i L odato, Scardoni, Manara et al. 2017
Rosotti, Clarke, Manara et al. 2017
—12k ) _
T—45 -40 -35 -3.0 -25 -20

IOg(l()O °Mdust) [M@]
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Disk models In planetary population models

Current disk models used to
predict the observed exoplanet
populations are to be revised
based on the outcome of our
observations:

+ general agreement between
models and data

upus, Chal - small spread, too many low

s, no giant planets accretors at high disk masses (too
s w. 1,2,3 giant planets high accretion rates on planets?)
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Disk mass - accretion rates relation

10_63

10_7?

10-12

Theoretical y
Models: Sellek, Clarke et al. 2020 P

Non-detection
Neither

Complete N
Non-accretor 4

Observational

L 107

-, _ 10—7

I 10—12

Disk mass [Mo]

Disk mass [Mo]

Including dust evolution the (viscous) models are in better agreement with observations
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Sellek, Clarke et al. 2020



Disk mass - accretion rates relation
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Including dust evolution the (viscous) models are in better agreement with observations
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