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Embedded Outflow in HH 46 /47 Spitzer Space Telescope * IRAC

Inset: visible light (DSS)
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What happens |f matter |

NASA/IPAC

)
faIIs on star?«

4 a
’

'BaII heats up after i
faHlng o B ey

\
.

I NASA/IPAC

“Similarly, 'accretion'mater}al. g .
heats up, but terminal velocity | |
- much, much higher than the ball|
Star + accretion-very. bnght and| A
hot . *, g : _ " :
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Pre-main sequence stars

L ‘e *

. T Taurl stars : solar mass,

magnetlcally con'trolled :
a’ccretlo_n véllmg,optlcally

visible
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0 Herbig Ae/Be 'stars :
Intermediate mass, opﬂcall
“visible ; ‘.
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*. Massive Young Stellar .
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Massive stars . o

Bipolar magnetic fields

High rotators

Pulsations

Radiative atmospheres

Radiation driven winds |

L Y
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| Massive stars: °
radiation-drive
107 winds

oo
Coo/ luminous
stars:

pulsation/dust-

driven winds? -

107 = 1og M, My/yr
-4

-6 Sun

-2 -8

10 ~10 Solar-type stars: b
Solar-type stars By (rven by WD

1074 -16 turbulence?) N
Slow rotators - "

Corona Terr (K)
Convective atmospheres

Thermal winds (corona)

Multipolar magnetic fields
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Winds from an A-type pre-Main Sequence Object
AB Aur : Ep- ”
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Fig. 1. Ha emission line of AB Aur recorded with VEGA from 2010

October to 2013 December. Spectra corresponding to the data set used
for the detailed modeling are displayed in red.

. Perraut+ 2016
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Low mass-vs.:high mass star formation ™
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i Stellar windl‘TT Conical wind Disk wind
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-« Stars of spectral type A and earlier have radiative envelopes,
so no magnetic dynamo expected

~*» Only about 10% of intermediate mass stars found to have B-
fields (Alecian+ 2013) but much indirect evidence for
“Magnetospheric Accretion™ occurring.

 Let us discuss jets...
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Observations of jets from
young stars

Image: ALMA (ESO/I\;AOJ/NRAO)/ESO/H. Arz:e. Acknowledgements: Bo Reipurth




» Optical jets ”
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The Dynamic HH 30 Disk and Jet
Hubble Space Telescope « WFPC2

Image: NASA (A Watson)




Optical jets

Ml Properties of optical jets:

* Shocked ionised gas (H-a, [SIl])

* Low ionisation fraction (~ 10%)

;< Highly collimated (~ 100:1)

* Dense (~ 10° cm-3)

* Fast (~ 300 km/s) l

* Knots along the jet

* Some evidence of precession 2000

Image: NASA (A Watson)



. \ 2 . “Dual
Driving mechanlsm - :
magnetohydrodynamlcs | S e

. ' ' - ’ ; - "
R In certain geometrlc configurations, rotating .* . . '

magnetic fields can accelerate gas , <

poloidal field —_B» "»__ poloidal fluid velocity

Y The magnetlc field could arlse in the* star orin the d|i< :
‘ _ ‘ ) - ’ . ‘ ™

)Generated dy,namo (or fossil) Rl \ e



2 . Driving mechanism:
_ ‘ t magnetohydrodynamics

Magneto-centrifugal acceleration
(c.f., “beads on a wire”)

Image: Blandford & Payne1982, MNRAS, 199, 883
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. Driving mechanism: S
i" magnetohydrodynamics

—6.7001012

Magnetohydrodynamics (MHD) can
also generate an MHD disk wind

10 — 9411013

—1.30010713

Field lines are anchored in S
the disk \ ) k...

5\\&\& /;/ﬂfll%
i/ i

Rotating field lines enforce | it
co-rotation of the material in ¢,

34T e 720010718

M the atmosphere of the disk

18

3 (J2000)

1.01410°

-19

Recall “beads on a wire” BN 2 B 10
picture = : o020

3h29m1058 10%6
o. (J2000)

Image: Melanie et al. 2006, A&A, 460, 1, Girart et al. 2006, Sc ence, 313, 812




How are jets collimated?

* Expect a flattened distribution in the
cloud surrounding the young star

B % A wind will expand most rapidly in the

direction of lowest density = bipolar
flow

* Thus, a wind cannot produce the highly
collimated jets observed from young
stars

Collimation

«

HH30

1000 AU

Image: ESO



magnetohydrodynamic in origin

* Even if an initial toroidal component
could collimate the outflow, it is hard to R .
imagine that this B-field would stillbe ~ ~ .
wound up at ~ parsec distances from /
the star '

* Need another, more sustained Lol Orion
mechanism

Image: ESO



Image: Tipler



Collimation

The magnetic field exerts a force on another charge, e.g., in a
nearby wire:

dFy, _ Ko 111,
dlz 27[ R

If the currents are parallel, the force is attractive: a natural way to
self-collimate an ionised outflow

Image: Tipler
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The Jets rotate — not only mass Ioss but angular
momentum loss . "

- . .
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. e / N
Aa (AU) Aa (AU) . :
Fig. 3 ALMA results of the SiO jet in HH 212 within 100 au of the central source, adopted ‘
from Lee et al. (2017c). The orange image shows the dusty disk observed at 850 pum (Lee x

et al. 2017a). In (a), the green image shows the SiO jet. In (b), blueshifted emission and &N
redshifted emission are plotted separately to show the jet rotation around the jet axis. The

blue and red arrows show the disk rotation. L\e e 20 17’ 2 Q’ZO




- .- final*picture

MHD SHOCKOF
. MOLECULAR WIND WITH
. AMBIENT CLOUD :

0t Moy

FIG. 2—A unified model for outflows and disk around protostars. A massive protostar is forming in a massive (~10? M) molecular disk, rotating at

~4 km s~ . A hydromagnetic wind blows off the disk, carrying away its angular momentum and driving accretion onto the protostellar core. At radii R, ~ 10'*

cm < R < R,~7 x 10'® cm, a molecular outflow, originating from a cool neutral envelope, is accelerated up to terminal speed of ~50 km s~ ! at a scale

i Ry ~ 0.3 pc, with a mass loss rate M, ~ 10™* M yr ™. This molecular wind collides with ambient molecular cloud material (shaded region), causing an MHD

- shock and a lobe of H, emission beyond the high-speed CO lobe. Inside disk radii r < 10'* cm, Lyman continuum from the accretion shock ionizes a core envelope

and results in M, ~ 107¢ M yr~! at ¥, ~ 200 km s~ . This outflow remains ionized for low mass loss rates and is the component identified by VLA and optical

observations. Near the disk, OH masers appear near R!,; and far down the flow, HH objects are driven by the core component of the overall disk wind. HH objects
may result by Kelvin-Helmholtz instability between the fast core gas and the slower-moving molecular outflow.

IONIZED GAS

Mion = 10_6 MO YI'_’
... == PROTOSTELLAR
NEUTRAL ENVELOPE—_V¥ »
_ ROTATING = _—— RECOMBINATION

MOLECULAR — ~

_ DISKi .
- (Vo=4kms™")

HIGH SPEED
CO LOBES ~———__

“Image: Pudritz & Norman 1986, ApJ, 301, 571



2R 2 b
' % - - ' .

Jets and bi-polar flows
_only recently identified
- In higher mass young
~stars!

‘ . . \

Herbig Ae/Be stars

P. C. Schneider. et al.: Discovery of a jet from the single HAe/Be star HD 100546

[0o1] [S1]16 [S1]31 [N 11]48 [N11]83

Distance (")
10720 erg/s/cm¥/A

Velocity (km/s)

Fig. 3. Position-velocity diagrams of the main jet emission lines. From left to right: He, [O 1] 26300, [S u] 26716, [S n] 26731, [N 1] 216548, and
IN 1 26583 The white line in the Ho nane] indicates the peak velocity.

A&A proofs: manuscript no. hd163296_submitted
» . v .

Schngider+ 2020 -

HH 409 C
HH 409 B
HH 409 A

HH 409 B
HH 409 A

’-Kirwanx+ 2022 A
' ® . \

Fig. 1. Images of the jet in He and [S n]46731, with the prominent HH objects labelled. The image corresponds to a ~12.5A wide spectral bin ;
centred on the peak of the emissions. It is rotated by an angle of 47.3° with respect to the plane of the sky. We note the lack of emission in the first \ - « ®
few arcseconds due to the saturation effects discussed in Section 2. » . . .
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Massive Young Stellar Objects purser+ 2017, 2021 2t
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58s 13h51mb57s
RA (J2000)

Figure B3. The 9GHz radio contours overlaid on an RGB (8.0um,
4.5um and 3.6pm) composite image of existing GLIMPSE data for
G310.1420+00.7583A. Contours step up from 4o by a factor of v/3 per level
and negative (-40) contours are dashed. Other annotations have the same
meanings as in Figure C1.

Inferred mass loss rate
4 ’ . . -

Lol [Lo]

Figure 11. A plot of the jet mass loss rate against bolometric luminosity

for jet-like sources detected. Symbols have the same meaning as in Figure 4

. and the magenta line is the fit (Equation 6) to both the data presented here

. and that of P16 with the corresponding 10~ confidence interval shaded in
light grey. The dotted line represents the accretion rate (using Equation 7

. . and assuming L,c. = 0.1 Ly, Cooper et al. 2013).

'Y . ’ .
smaller than accretion rate s
: i




Winds, Outflows from sMassive

pre-Mai

»

n Sequence stars
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Differences between T Tauri — He‘rbig Ae — Herbig Be _ MYS

CaUIey & WI|SGI’] 2014’ 2015 PomOhaC|'+ 2017 . THE ASTROPHYSICAL JOURNAL, 797:112 (21pp), 2014 December 20
: B 2 '

» . 12

THE ASTROPHYSICAL JOURNAL, 810:5 (24pp), 2015 September 1 CAULEY & JoHNs-KruLL [}

0.8

HAEBES w/ blue-shifted absorption
HAEBES w/ red-shifted absorption |
CTTSs w/ blue-shifted absorption

CTTSs w/ red-shifted absorption

Number of objects
L o e e e e e e A

E
Profile type

Fraction of sample

Figure 4. Bar plot of the number of objects in each profile morphology category.
The plot labels are the same as in Table 3. This plot includes the potentially
misclassified objects from Section 3.1.

Medium resolution NIR spectroscopy of MYSOs

Figure 9. Line-by-line mass flow fraction comparison of CTTS and HAEBE samples. The fractions are listed as percentages in Table 8. The CTTS data is from AB00.
The CTTSs, in general, show a higher incidence of both blue and redshifted absorption in most line diagnostics compared to HAEBES. The exceptions are at He 1
5876 and the Fe n lines.

Inverse P Cygni:
-Accretion in edge-on disks
P.Cygni : Polar Winds

Fraction of sources

Brl2 Brll Brl0 Pay H2 Nal CO [Fell] Fell Ol Hel

Lowest m ss’stars more Spectral ine

Figure 9. Detection rates of different features, with different profile types. E = single-peaked emission, A = absorption, PC =P Cygni profile, IPC = inverse
P Cygni and D = double peaked.

Invefse P Cygni.
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Round-up 1 ¢ About the’ Winds & Outflows -

. ' r :
L -~ e \

. » Every star produces an outflow for the first 10° - 10° years of ité YSO (young
stellar object) phase

 Qutflows interact with their surrounding gas, injecting energy and momentum
into the cloud: this is thought to help drive turbulence in clouds

3‘ * Energy from shocks can dissociate molecules, heat gas, sputter the dust,
thereby triggering chemical reactions that do not (and cannot) occur in the
quiescent gas

* They can modify their parent cloud structure, even at great distances from the
source

 The interaction between the outflow and the circumstellar envelope may help
end the infall stage

% : . ' O
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Round-up : About the Wind_s &Outflows = =

. o'+ @ o A 3 X 3
5 I | s
o, S e R, o« T SuA colu=2-1)
4 - What is the mechanism? :
10.5pc
What powers the outflows?
‘ . How large is mass loss rate? .
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- Wind velocities? AR
: »>
.'.,
| b . | o
“, - - . o
. : " s ’ * ST
) .
L . ‘ C N




Star

dense
core

" molecular cloud.

protoplanetary

CLASS I

- . 5' 6 .
1 12 13 14 15 t=10-10yr

Log v (Hz)

Forrﬁation

11 12 13 14 15
Log v (Hz) "

'in"a nutshell

' 10,000au

11 12 13 14 15
Log v (Hz)

t=10-10yr

CLASS 1II

A

11 12 13 14 15
Log v (Hz)

100au

rings swept out.by
planetesimals_

6 7
t=10-10yr

’

planets

o —
10§u

\

fully-formed
star

t>10'yr
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Round-up : About the Wind's & Outflows iy
‘ » PO L ] : b ‘O .' h . . -‘ ¢ : .
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il i ism? PREEL T e
_Whatis ’Fhe mechanllsm. 3 ih\ €l \\ »« W
’ - up until at least mid-B type: \\ Vi P
. ® MHD mechanisms inferred %
Higher mass: still matter of debate *\'L | .
‘ What powers the outflows?
_, - accretion '
How large is mass loss rate? . et \ '
: - 10% of accretion rate \'
- Wind velocities? i i\\

- typically not much more than escape

- speed

: Saxton et al
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Conclusions g ol S oges e it
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: _' *Radiation pressure from the young star is not sufficient to drive the jet _°
and/or outflow (exercise class)

. % +Both are likely generated via magnetohydrodynamic processes 5oy

*A rotating magnetic field (either in the star and the disk) can
‘ accelerate gas, if in the correct geometry

*Centrifugal acceleration overcomes gravity that then generates a
“disk wind”

«Jets consist of fast moving charged particles: this can induce a
magnetic field that leads to sustained self collimation

*Recent progress into jets around massive objects allow studies into
star forming mechanism for massive stars






