 Protostellar Jets: the reVolution with ALMA

1)

i Xinda Podio

INAF - Osservatorio Astrofisico di Arcetri
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OUTLINE

INTRODUCTION |

D star formation & the role of jets\the angular momentum problem
@ models of jet launch . |
@ the need of high angular resolution mm observatlons |

-

- THE REVOLUTION w1th MM INT
@ Jet rotation

@ Jet(-disk) chemistry-'
D Jet statistics ¢

; poster by F. Bacciotti :
poster by E. Bianchi + talk by C. Codella & M. Padovani i

CONCLUSIONS

K ys’ténis around massive YSO

B e talks by R. Cesaroni & A. Sanna |§§

IV Workshop on (sub-)mm astronomy. in Italy Bologna — Nov 7-10 2017



i The ;s'_tar"f(.)rmét‘i(')ﬁ'_bl‘ocess& the birth of plan'ets €
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The angular momentum problem

As the core contracts to form a star —> itS rotation should speed up to conserve angular momentum
the region with the fastest rotation should be at the center ...

\

e Jupiter

in our Solar System
the Sun rotates much more slowly than it should

* Neptune most of AM is in the external planets
®Uranus

® Saturn

Angular momentum

e Earth
®Venus

the initial angular momentum in the core
has to be redistributed during the star/planet formation process

slide by A. Maury » '
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The angular momentum problem

Rotation radius (pc) Belloche+ 2013 |

-6 0.0001 0.01

Molecular clouds
NH; dense cores

pc)

+
N.H'  dense cores

1

Oph cloud+cores

IRAM 04191 env. (Cl 0)
Class O env.

Class 0/1 env.

HH 111 env. (C1 1)
Class 0 "disks"

Class I "disks"

Class II disks

Class I binaries

T Tauri binaries
Class II jet
Jupiter

Solar system

O
A
\v/
v
*
*
*
*
o
o
o
_+_
+
N

2
©
O}

Sun

Keplerian rotation, Contraction,
fragmentation fragmentation

J removal J removal?

(local) specific angular momentum (cm2 s
(local) specific angular momentum (km s

Jets, disk "viscosity" Turbulence?

1
Rotation radius (AU)

most of the mass (and associated angular momentu
—> need to investigate the YSO dynamics at the

) —> already accreted at the TTauri phase
otostellar stage & on <100 AU scale
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"THEORY: jets & disks are tightly connected !

MHD models: the jet'is launched & accelerated by magneto-centrifugal forces
Jets may remove angular momentum from the disk ! |

o \o,/ /
1G9

'STELLAR WIND
2~ Sauty et al. 2002
7 / |

Open Disk

~ X-WIND
Shu et al. 1994; 2000

Closed
Magnetosphere

- What is the jet launching mechanism ?
- What s the jet feedback on the disk in th§ region of planet formation ?
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OBSERVATIONS: the need of high-angular resolution & mm

Infalling L1527 - 140 PC §

Envelope

HH 212 - 400 pc

VLT - ISAAC

Low
\ ..
, \ o H2 2.12um

Tobin+ 2012

the jet is extincted

a ?\ ' close to the driving source Infalling
B _ * e Envelope
“.\ ~25000 AU 1
. T . | 13CO 2-1 - CARMA
\' . c) Gemini L' (3.8 um) Velocity .

Dec Offset (arcsec)

Red: 6.35 to 7.25 km/
Blue: 4.55 to 5.3 km/s

RA Offset (arcsec) RA Offset (arcsec)

Zinnecker+ Nature 1998 many kinematical components (jet, outflow, disk, infalling
McCaughrean+ 2002 . envelope, accretion shocks, ...) on 100 au scale
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B TherevolutlonW1th mm interferometry

1997- 2002

L2007

2017

- ~0.7” /300 AU

0.3pc

~ 60 000 AU

H2 2.12um

Zinnecker+ Nature 1998
McCaughrean+ 2002

~16000 AU

~0.8x0.35” /320 x140 AU

A IRAM - PdBI

Codella+2007

‘ s1m11ar images W1th SMA: Lee+ 2&7, 2008, 2009

~0.02” /8 AU

| ALMA - band 7 - Cyele 3

(a)
Jet
SiO 8-7
-
-
<
v
N - :
2 P -~ Accretion
: - Disk
350 GHz
Lee+ Science 2017a :

Lee+ Nature 2017b
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THE REVOLUTIONWith MM INTERFEROMETERS

JE\‘ ROTATION
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R

Validating ’magheto.—cvéntrifugal launch: JET ROTATION

’U(b’w )2/3
10 km s™!

—4/3 M 1/3
EZ *
100 km s~ ) (1 MQ) ’

FT'\
]
w
g
4
"
)
=
@
=
=
N
©
=
e
i
o]
-
>
[

from the jet poloidal velocity along its axis (Vp) + jet rotation velocity around its axis (V)
—> we can recover the jet launching radius & removed angular momentum
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- JET ROTATION I pioneering studies with HST on Class II jets -

Bacciotti+ 2002

Cbsemce RatilSloer St Bacciotti+2002, Coffey+ 2004, 2007, Woitas+ 2005

DISK THE RADIUS FROM THE STAR ON THE DIisk PLANE OF THE JET FOOTPOINT (OR LAUNCH POINT), w9, CALCULATED FOR TARGETS IN THE OPTICAL
O AND NUV UsING THE METHOD DESCRIBED IN ANDERSON ET AL. (2003)

I s Weo Woo Avrag Urad Vg,00 Up,0 wo
. Target Emission Line (arcsec) (AU) (km s™1) (km s™1) (km s~1) (km s™1) (AU)
DG Tau Jet H DG Tau approaching jet 26300 0.15 21 26 (18) 195 (60) 21 (15) 248 (76) 0.5 (1.9)
140 pc : 26583 0.15 21 7 165 209

= 12796 0.116 16 8 193 244
blue lobe 5 ’

CW Tau approaching jet 246300 0.15 21 12 108 164
[SII]D [O I] H 26583 0.10 14 15 102 155

v TH 28 receding jet 46300 0.20 34 16 8 46
: 26583 0.20 34 24 27 155
22796 0.20 34 6 13 75

ey RESULTS
0.0 - radial velocity asymmetries across the jet width:
Velocity (km/s) DVrad~5-25 km/s at 15-50 AU from axis & <100 AU from source
DG Tau disk — —| - if due to rotation —> the jet is launched at Rlaunch =0.5 - 5 AU
OVRO _altgclg) 21 e | - the jet removes Ljet ~1e5 Msun/yr AU km/s ~ 70% excess
» angular momentum to allow accretion at the observed Macc

e

6 (J2000)

26°06'16" o CRITISMIS
~ — B - are radial velocity asymmetries due to jet rotation ?Alternatives:
jet wiggling, jet precession, interaction with a warped disk,
‘ asymmetric shocks (Cerqueira et al. 2006, Stoker et al.,)
T O B - disagreement btw disk & jet rotation (e.g., Cabrit et al. 2006)

26°06'14"

o (J2000)

| - HST limited spectral resolution (~50 km/s)
Testi+ 2003 G
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: | E |8 g G .
- JET ROTATION II: first detection of rotation with ALMA

TMCI1A - 140 pc a o emes b O Jewes|e @R b e Bjerkeli+ Nature 2016

100 I 388kms™’ I 353kms™ . I 317kms™
s

ALMA band 6 - Cycle 3
0.4” = 60 au

s
1018 km s . ; 10.52km s~
=/ 283kms™ I 2.48kms™

M* " 04 Msun
- Ve <5 km/s

1<200 au km/s

Declination offset (au)

it -

' 1122 km s SR 11.98 km s~
1 / . ms

I 1.78kms™’ -1 I 1.08 km s"o

Declination offset (au)

o Rléunch ~2-25au

11227 kms™!
I 073kms™

suggest a
D-wind scenario

Declination offset (au)
Velocity (km s7)

50
75 50 25 0 -256-50-7575 50 25 0 -25-50-7575 50 25 0O -25-50 -75

Right ascension offset (au) Right ascension offset (au) Right ascension offset (au)
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L i
JET ROTATION III: the HH 212 collimated S10 jet -

Lee+ Nature 2017b

HH 212 - d=400 pc - ALMA-band 7

velocity gradient across the ~20 au wide jet §

o Cont Tj, »
e Si0 0.02” =8 au )\ . Observed velocity (kms™, LSR)
) @)

M+ ~ 0.25 Maun - 0. H— -\thé highly collimated SiO je‘p removes AM in the

~115k — Raun;: ~0.05-0. innermost disk region enabling material to -
YE 10 alSI kg: e OSTRA accrete onto the protostar _

X-wind or inner layer of D-wind ?
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JET ROTATION 1V: the HH 212 extended Disk-wind

Tabone+ 2017

HH 212 - d=400 pc - ALMA-band 7 / 0) 0.13”=50 au ) 3 AR
‘ 0.4 SO, r°=o?=.1_—1fgou

m SiO knots : Zout=700U e

Position Offset (arcsec)
osition Offset (arcsec)

5 0 5, 10
0.4 0.2 0 -0.2 . Visk — Vays (km.s™)

Position Offset (arcsec) velocity gradient across the jet is well
reproduced by a D-wind with
magnetic lever arm A = (ra/ro2=5.5
widening W = rmax/ro =30

‘. 4‘ v Rlaur;ch ~0.1-40 ali

the slz)wer SO/SO2 D-wind rem(SVﬁc's AM from
the oufer disk regions (up to 40 AU) allowing
terial to move to the inner disk
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B

- JET ROTATION V: D-wind from the high-mass YSO Orion Source |

Hirota+ Nature 2017 . Orion Source I - d=418 pc - ALMA-band 8

, 15 C 15
Sil%0 12-11 0.13”=50 au H20 v=1, 422-33.1

Dec offset (mas)
Dec offset (mas)

-500 0 -500
RA offset (mas) RA offset (mas)

M ~ 8.7 Msun . % .4 f_S.ifni.larly to what observed in low-mass YSO:

Vp~ 10 km/s - angular momentum is carried away by the magnetoA-
R (z=0) ~ 25-75 au —> Riaunch-~ 5 -25au centrifugal disk wind
Ve ~ 20-5 km/s :
1 ~400-600 aukm/s =~ = = \high-mass star formation via disk-accretion ?
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Validating magneto-centrifugal launch: MAGNETIC FIELD

Qiu et al. 2014
G240.31+0.07 - SMA - polarized dust emission at 0.88mm

DG Tau ALMA - polarized dust in band 7

teid 343.495 GHz |
(IT) 1812 _f Q3
§y)
< | e 0.4
% % 16".0 §
O EE 3
< g 1518 o 3
=K x
< 3 = 1258 02 &
® ’/disk: HB3CO+ 4-3 == O 0.1
07h44rr153S ' . 26°06'15".2 [ i
RA (J2000) 04"27M04% 74 04%71  04%69  04°67
: ‘ f ICRS Right Ascension
the first detection of an hourglass magnetic field ching for the magnetic field in TTSs
~aligned with an outflow rotation syst ~ showing coherent disk & jet rotation
in an high-mass star forming region™ = & i :
A polarization: magnetic field vs scattering ?

poster by F. Bacciotti
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THE REVOLUTION With MM INTERFEROMETERS

JE}\CHEMISTRY |

\ ~ ' see talk by C. Codella
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JET CHEMISTRY I: chemistry at the envelope-disk-jet interface -

. SO 104,—10 c0' 3-2
vPOle‘*’ 2015 1.9 <\v—vsy;\1< 3.510km/s 1.9 <V-Vg,l< 3.5 km/s

C!70 —> rotating disk/inner infalling envelope

SO —> accretion shock at the CB ?

y HH 212, d~400 pc
¥ ALMA band 7 - Cycle 0 - 0.5°=200 au

Infalling rotating

] Sakai+ 2014, 2015, 2017 envelope (cyclic-C4H,)
. . V”de
a+ 2016 Line of sight S =
05 0 05 05 0 . Oy @ ” ,
WA etteet O oA offeet (1) : IS/ - -

Transition .\~0Ltl’iflugal
zone (SO) barrier

CH30H probes the base of the D-wind ?
—> Riaunch ~ 1 au E

Codella+ 2014 U .
’ ALMA band 7 - Cycle 4 - 0.137=50 au i

N

Bianchi+ 2017

methanol deuferation on 50 au scale

poster by E. Bianchi

0 -0202 0 -0202 0 -0.202 0 =02
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| T R e
- JET CHEMISTRY II: chemistry at the envelope-disk-jet interface

or the disk atmosphere within the CB ?
T T T T ' | T ' ‘
(a) CHOH (44-332 K) +(b) CH,DOH (39-217 K)-

= Envelope

—-300

| | | |
| ! [

1 1 | 1 1 1

T I T l T T | T
0 — ()

,cHo(167 %) 1(e) D,CO (81 K)

Position Offset (AU)

Position Offset (")

\—' Keplerian Disk

Transition Region

0
Position Offset (AU)

0.02” =8 au Position Offset (") .
Leet+ 2017c¢ . \
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b |
J ET CHEMISTRY HI chemical complexity in shocks

L1157 d~250 pc E ; Star (0,0) B1 (20 —60)
R2 CO1-0 Podio+ 2016 3

PdBI ; CO 2-1
L1157—mm i

H2
d Spitzer B

outflow-driving '

: ! jet

EEEE

S FHCO (245=141)

Looney+ 2007 ~ " Gueth+ 1996 ¥ g - “io o 10
y o 5 § Visr (km/s)

The chemlcal richness of L1157 B1 first h1 ' 1ller & Perez Gutierrez 1997

Since then L1157-B1 has been the target of several mm quctral surveys :

® S-bearing molecules (Gomez-Ruiz+ 2015, Holdship+ 2016)
@ deuterated molecules (Codella+ 2010, 2012, Fontani+ 2014) :
@ COMs (Arce+ 2008, Lefloch+ 2017, Benedettini+ 2013, Gpdellat+ 2015, Mendoza+ 2015)
@ molecular.ions (Podio+ 2014) —>'shock produces CR ?

@ P-bearing species (PO, PN) (Lefloch+ 2016)
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- JET CHEMISTRY 1V: chemical complexity in SHOCKS

SiO vs Sis | l HDCO vs H.CO

T T T | T .I T I T T T
| 68°01'30" SiS 9-8
Si0 2—1 HV

68°01'20"

68°01'10"

Dec. (J2000)

68°01'00"

T T T | T T T T I T T 1 T | T T T ) I ]

II‘L|IIII|IIII|IIII|

@ |~
20"39™10° 08°
R.A. R.A. (J2000)

0 —-10
R.A. Offset (arcsec)

HDCO —freshly sputtered from ices
H,CO —> grain + gas-phase

SiO —> direct release from grains
SiS —> gas-phase chemistry

CH;CHO—> gas-phase
NH,CHO —> gas-phase

Podio et al. 2017 : Fontani et al.\2014 Codella et al. 2017
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Anatomy of BOW-SHOCKS with ALMA

Tafalla+ 2017

Northern field Southern field Northern field

Southern field

Py

_27°14'00"

A6 (arcsec)
o

|
-
o

10 0 -10 10 0 -10

Ao (arcsec) Ao (arcsec)

_27°13'00"

1 L

4"19™45°

«(J2000)
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THE REVOLUTION with MM INTERFEROMETERS

JEXQ STATISTICS |

\
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CALYPSO:

the Plateau de Bure Large Program on Class O protostars

CHa0H =1 [1-2] A[ Line Forest over

CHgOH v=1 [1-2] [ LineF e—CHa0H (5, 4—422) “uo‘izfl)

". ¢ .“\ ¥ W4 \
Y SRS | { °

(ssP—».18) HOgHO—o
/

| . 2 ]
L
| [y L ] y J . OV A
1 T T + T T T T g (‘:H 0}}[ T 2
( 2., - = -
Yogg(2i1) oo 1.C"% ¢271) 150 (5-45) e~CHZ0H (5, 4—42)] ““c0 ©-1) 50H v=1 [1-2]

L

L Line Forest over aGHz ans(2521) T e—CHyO0H (5,4—422)
| o 325\ 1 \

‘e

(sP—p.1E) HOgHO—o (1229)e5% ]
/ / 3

e

/

,
1 e~CH30H (5,442

2co @-1)




|

ARE _] ets ubiquitous at the protostellar stage ??

CALYPSO survey Source Lint HC Disk Jet
. Codella+ 2014 (Lo) CO SiO SO
Santangelo+.2015 L1521-F 0.035 +0.01
Podio+ 2016 . IRAMO04191 0.05 +£0.01
: ' GF9-2
see also Tobin+ 2016 NGC 1333-IRAS4B2 <0.1
survey of CO outflows SerpS-MM?22 0.2+0.1
with CARMA L1527 0.90 = 0.05

NGC 1333-IRAS4B1 1.5+0.2
SVS13-B 2+1
L1157 20+£0.2

SerpM-SMM4 20+0.2
L1448-NB 2.5
L.1448-2A 3+0.3

NGC 1333-IRAS4A2

SerpS-MM18 7+2
L.1448-C 7+0.5
SerpM-S68N
NGC 1333-IRAS4A1
| SVS13-A
NGC 1333-IRAS2A1
NGC 1333-IRAS2A2

e e e e e e e
S A S

*

KKK K <

i glay
*
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Conclusions

@ with ALMA we are finally able to btain a reliable measure of jet rotation-and to test
- the magneto-centrifugal mechams% for the Jet launch .

@ ALMA start to unveil the nature of the chemical rich circumstellar region previously
called “hot corino™ ... this is even mere complex than what we could expect !

@ shocks are factories of chemical complex1ty ( & CR ‘7)

'@ final test on MHD_‘m

@ observations of the inner 50 AU around pr
mandatory to investigate the jet-disk
.. when the conditions for the fo

| stat1stlca1 relevant sample is
>mical properties of infant Sun’s
etary systems are set !

When studymg protostars phys1cs goes W1th C\hemlstry

\

4
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