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What is a star?



It’s a hot ball of gas, with a furnace in the center



As does a “molecular” cloud :







JWST of same object (July 2023!)



So what  can happen?

From 10 000 Astronomical Units to
1/200th of an au :

The cloud’s density is increased 
by a factor 1021. 



What happens if matter 
falls on star?

Ball heats up after 
falling

Similarly, accretion material 
heats up, but terminal velocity 
much, much higher than the ball
Star + accretion very bright and 
hot



Hubble Space Telescope data of Messier 16 at optical 
wavelengths and James Webb at NIR:



Chandra X-data

Hubble Space Telescope 
data of Messier 16 at 
optical wavelengths



So what  else will happen?

From 10 000 Astronomical Units to
1/200th of an au :

The cloud’s density is increased 
by a factor 1021. That is 1000 000 
000 000 000 000 000 times!



What happens if this cloud rotates?

Conservation of angular momentum



Making of a planetary system pizza



Forming a 
star: 
a computer 
simulation

Credit: Krumholz



Star 
Star Formation in a nutshell



• T Tauri stars : solar mass, 
magnetically controlled 
accretion, veiling, optically 
visible 

• Herbig Ae/Be stars :  
intermediate mass, optically 
visible

• Massive Young Stellar 
Objects : massive, rare, 
elusive, obscured (Leeds RMS)

Pre-main sequence stars

Gaia DR2 Vioque+ 2018



Olya & Lydia- Last week 



Michel – last week Peter – last week



Julieta – Last week



Winds from an A-type pre-Main Sequence Object
AB Aur 

Perraut+ 2016



Low mass vs. high mass star formation

Romanova & Owocki 2016

• 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…



Text box for labels and/or lead-in text: black background

Image:  ESO/Bo Reipurth/NTT

Observations of jets from 
young stars



Text box for labels and/or lead-in text: black background

Image:  ALMA (ESO/NAOJ/NRAO)/ESO/H. Arce. Acknowledgements: Bo Reipurth

Observations of jets from 
young stars



Optical jets

Image: NASA  (A Watson)



Properties of optical jets: 

✴ Shocked ionised gas (H-!, [SII]) 

✴ Low ionisation fraction (~ 10%) 

✴ Highly collimated (~ 100:1) 

✴ Dense (~ 109 cm-3) 

✴ Fast (~ 300 km/s) 

✴ Knots along the jet 

✴ Some evidence of precession
Image: NASA  (A Watson)

Optical jets



Driving mechanism: 
magnetohydrodynamics

The magnetic field could arise in the star or in the disk

Generated dynamo (or fossil)

In certain geometric configurations, rotating 
magnetic fields can accelerate gas



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

Image:  Blandford & Payne1982, MNRAS, 199, 883

Driving mechanism: 
magnetohydrodynamics



Magnetohydrodynamics (MHD) can 
also generate an MHD disk wind

Image: Melanie et al. 2006, A&A, 460, 1; Girart et al. 2006, Science, 313, 812

Field lines are anchored in 
the disk

Rotating field lines enforce 
co-rotation of the material in 
the atmosphere of the disk 

Recall “beads on a wire” 
picture

Driving mechanism: 
magnetohydrodynamics



How are jets collimated? 

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

✴ 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

Image: ESO

Collimation



The jets are also thought to be 
magnetohydrodynamic in origin 

✴ Even if an initial toroidal component 
could collimate the outflow, it is hard to 
imagine that this B-field would still be 
wound up at ~ parsec distances from 
the star 

✴ Need another, more sustained 
mechanism

Image: ESO 

~ 1 pc

HH34 in Orion

Collimation



Let’s consider the analogous process in electromagnetic theory

A magnetic field will be induced by a current-carrying wire:

Image: Tipler 

Collimation



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

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

Image: Tipler 

Collimation



The jets rotate – not only mass loss, but angular 
momentum loss

Lee 2017, 2020



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

The final picture



Herbig Ae/Be stars

Schneider+  2020

Kirwan+ 2022

Jets and bi-polar flows 
only recently identified 
in higher mass young 
stars!



Massive Young Stellar Objects  Purser+ 2017, 2021

Inferred mass loss rate smaller than accretion rate



Winds, Outflows from  Massive 
pre-Main Sequence stars

• Jets
• Disk Winds
• Stellar Winds
• Polar Winds

	

ß MYSOs
Lumsden+ 2012

Herbig Ae/Be stars à
Fairlamb+ 2015



Differences between T Tauri – Herbig Ae – Herbig Be – MYSO 
Cauley & Wilson 2014, 2015 Pomohaci+ 2017

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

Lowest mass stars more 
Inverse P Cygni. 



Round-up 1 : About the Winds & Outflows

• Every star produces an outflow for the first 105 - 106 years of its YSO (young 
stellar object) phase

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

• 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



Round-up : About the Winds & Outflows

What is the mechanism?

What powers the outflows?

How large is mass loss rate?

Wind velocities?



Star 
Star Formation in a nutshell



Round-up : About the Winds & Outflows

Saxton et al

What is the mechanism?
- up until at least mid-B type: 
MHD mechanisms inferred
Higher mass: still matter of debate

What powers the outflows?
- accretion

How large is mass loss rate?
- 10% of accretion rate

Wind velocities?
- typically not much more than escape 
speed



Conclusions

•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

•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
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NGC 3603

Thank you !


