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The Life Cycle of Stars
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Young stars; still in
their birth nebulae




Giant Molecular Clouds

Infrared

Visible
Star formation — collapse of the cores of giant molecular clouds: Dark,
cold, dense clouds obscuring the light of stars behind them.

(More transparent in infrared light)




Parameters of Giant Molecular Clouds

Slze r ~ SO.pc

-~ Mass: > 100 ,000 M
= Temp.: a few K

Dense cores:
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Contraction of Giant Molecular Cloud Cores

Head
Nebula

. mgn)effb' Fields

Rotation (amgular momentum)

e Turbulence

— External trigger required to
nitiate the collapse of clouds to
form stars.




Shocks Triggering Star Formation

ock Wave Triggers Star Formation

: a T_r,iﬁ'd :
- "Nebula

Globules = sites where stars are
being born right now!




Jeans 1nstability




Sources of Shock Waves Triggering Star Formation (1)

Previous star formation can trigger further
star formation through:

The Crab Nebula in Taurus (VLT KUEYEN + FORS2)

ESO PR Photo 40f/99 ( 17 November 1999 )

© European Southern Observatory

a) Shocks from
supernovae
(explosions of
massive stars):

Massive stars die
young =>
Supernovae tend to
happen near sites
of recent star
formation




Sources of Shock Waves Triggering Star Formation (2)

Previous star formation can trigger further
star formation through:

b) Ionization fronts
and winds of hot,
massive O or B
stars.

Massive stars live

fast and furiously

=> (O and B stars
only exist near sites

Gaseous Pillars - M16 ~ HST - WFPC2 of recent star

PRC95-44a - ST Scl OPO - November 2, 1995

J. Hester and P. Scowen (AZ State Univ.), NASA fOrmatlon




Sources of Shock Waves Triggering Star Formation (3)
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c¢) Collisions
of giant
molecular
clouds.
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Sources of Shock Waves Triggering Star Formation (4)

d) Spiral arms
in galaxies like
our Milky Way:

Spirals’ arms
are probably
rotating shock
wave patterns.




Protostars

s
Still enshrouded 1n opaque “cocoons” of dust => barely
visible 1n the optical, but bright in the infrared.




Protostellar Disks and Jets — Herbig Haro Objects

Disks of matter accreted onto the protostar (“accretion disks”)
often lead to the formation of jets (directed outflows; bipolar
outflows): Herbig Haro Objects

© 2002 Brooks Cole Publishing - a division of Thomson Learning




Protostellar Disks and Jets — Herbig Haro Objects (2)

© 2002 Brooks Cole Publishing - a division of Thomson Learning

Herbig Haro Object HH34




Protostellar Disks and Jets — Herbig Haro Objects (3)

Cross
section
of HH30

Herbig Haro Object HH30




Protostellar Disks and Jets — Herbig Haro Objects (4)
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Herbig-Haro objects (5)

Herbig-Haro object

PLATE L1

Polar jet

Accretion disk
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HH Disks

Starlight Misses
Disc

Starlight
Grazes Disc




Evidence of Star Formation
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Star Forming Region RCW 38




Globules

Bok
Globules:

~ 10 to
1000 solar
masses:

contracting to
form protostars |

© 2002 Brooks Cole Publishing - a division of Thomson Learning




Globules (2)

Evaporating Gaseous
Globules (“EGGs”): Newly
forming stars exposed by the
lonizing radiation from
nearby massive stars
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Open Clusters of Stars

Large masses of
Giant Molecular
Clouds => Stars do
not form 1solated,
but 1n large groups,
called Open
Clusters of Stars.

Open Cluster M7




Open Clusters of Stars (2)

Large, dense
cluster of (yellow
and red) stars in
the foreground; ~
50 million years

old

Scattered
individual (bright,
white) stars 1n the
background; only
~ 4 million years

old




Luminosity versus Mass
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Log Luminosity vs. Log M

red line; masses of dense

cores from dust
Log L=1.9 +logM

blue line: masses of GMCs
from CO
Log L=0.6 +log M

/M much higher for dense
cores than for whole GMC:s.

Mueller et al. (2002)




Low Mass vs. High Mass

s [Low Mass star formation
» “Isolated” (time to form < time to interact)
» Low turbulence (less than thermal support)
e Slow infall
e Nearby (~ 100 pc)
s High Mass star formation
e “Clustered”
Time to form may exceed time to interact
Turbulence >> thermal
Fast infall?
More distant (>400 pc)




Properties of Molecular Clouds

Type n NIVAS T Mass
[ecm”] [pc]  [K] [M

sun
Giant Molecular Cloud 102 50 15 10°
Dark Cloud Complex SR} 10 10*
Individual Dark Cloud 10° = 10 30

Dense low-mass cores 104 0.1 10 10

Dense high-mass cores  >10> 0.1-1 10-30 100-1000




Discovery of outflows I
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Jets from Young Stars - HH1/HH2 HST - WFPC2

PRC95-24c - ST Scl OPO - June 6, 1995 - J. Hester (AZ State U.), NASA

Initially thought to be embedded protostars but soon spectra were
recognized as caused by shock waves --> jets and outflows




Discovery of outflows II

NGC6334] outflow CO J=2-1
. " . - . . - - .

Bachiller et al. 1990 .
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In the mid to late 70th, first CO non-Gaussian line wing emission detected

(Kwan & Scovile 1976).
- Bipolar structures, extremely energetic, often associated with HH objects




The prototypical molecular outflow HH211

HH211, Gueth et al. 1999

Hp 2.12 um (colers) + CO J=2—1 ¥<10 km/s (white) + continuum 1.3 mm (red)

32°01'00"

32°00'40"

3"43™56" 3"43754°
Hp 2.12 um (colors) + CO J=2—1 ¥>10 km/s (white) + continuum 1.3 mm (red)
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32°00'40"
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Jet launching

Large consensus that outflows are likely driven by magneto-

centrifugal winds from open magnetic field lines anchored
on rotating circumstellar accretion disks.

- Two main competing theories: disk winds <==> X-winds

- Are they launched from a very small area of the disk close

to the truncation radius (X-wind), or over larger areas of the
disk (disk wind)?




Circumstellar
accretion disk

Magnetic field
s lines thread
through the disk

|




»  Protostar

¢

As the disk
contracts toward
the protostar, it pulls
the magnetic field
lines with it




Swirling motions in the
disk distort the field
lines into helical shapes
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Some infalling disk
material is channeled
outward along the helices
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Jet-launching: Disk winds

5 months later

b s

Bineriee & Pudritz 2006

- Infalling core pinches magnetic field.

- If poloidal magnetic field component
has angle larger 30° from vertical,

i centrifugal forces can launch matter-

loaded wind along field lines from disk
surface.

| - Wind transports away from 60 to 100%
, ‘, of disk angular momentum.

/|1-5x10%%cm Review: Pudritz et al. 2006




.
o
/ Coronal / / & /
wind / a"’

.Z; "‘-

A

dome \
Soft\

T xerays \
7  Funnel flow

CAl precurso& \

A\

N Soft\ N\ ‘Recomnection [/ 7 &
LLL! AW \l/

Dipole \x-rays '~| AN
field / | !

" Chondrules

7 NN e — i
/,."'X-fegio()\:x“-.__\ o '---__-_ﬁ?cfetlcﬂ disk
/ I B T

.

The episodic wind is magnetically launched by fast reconnection from
the inner co-rotation radius of the accretion disk (~0.03AU)










Jet-launching points and angular momenta

Flow surface corresp. .
10 robs,Bive = 20 AU let,Blue
at 0."4 above the disk Alfve'n Surface

lo.in COrresponds
approximately to

CNOBOBa3tiXB radius . Flow surface cormeso.
) . To lobs,Red = 30A
jet,Red  at0."4 above the disk

About 2/3 of the disk angular momentum may be carried away by jet.

Woitas et al. 2005




Starforming Region in the Carina Nebula HST-ACS/WFC
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Impact of the jet on surrounding cloud

Entrain large amounts of cloud mass with high energies.
- Partly responsible to maintain turbulence in cloud.
- Can finally disrupt the cores to stop any further accretion.
- Can erode the clouds and alter their structure.
- May trigger collapse in neighboring cores.
- Via shock interactions heat the cloud.

- Alter the chemical properties.




Highlights part I

-Stars are formed through the collapse of massive clouds of gas.

- Shocks are necessary to trigger star formation and the collapse and
fragmentation of the cloud.

-Outflows and jets are ubiquitous phenomena 1in star formation.
- Jets transport angular momentum away from protostar.

- Jets are likely formed by magneto-centrifugal disk-winds and rapid
reconnection events.

- Collimation is both due to the external medium and the magnetic field.

- Gas entrainment can be due to various processes: turbulent entrainment,
bow-shocks, wide-angle winds, circulation ...

- They inject significant amounts of energy in the ISM, may be important
to maintain turbulence.




High-energy processes 1n star formation




Massive protostars

Some problems in the formation to massive stars:

Radiation pressure acting on dust grains can become large
enough to reverse the infall of matter:

F = GM*m/r2

grav

F..q= Lo/4nr’c

Above 10 M, radiation pressure could reverse infall




So, how do stars with M.>10M form?

Two scenarios:

m Accretion:

* Need to reduce the effective luminosity by making the
radiation field anisotropic (accretion disk and jets)

s Form massive stars through collisions of
intermediate-mass stars in clusters
» May be explained by observed cluster dynamics
» Possible problem with cross section for coalescence

« (Observational consequences of such collisions?




Three evolutionary stages

m Massive, prestellar cold cores: Star has not formed yet, but
molecular gas available (a few of these cores are known).

m Massive hot cores: Star has formed already, but accretion so
strong that quenches 1onization => no HII region (tens are
known). Powertful jets can be produced (few detected).

m Ultracompact HII region: Accretion has ceased and detectable
HII region exists (many are known).




Non-thermal emission from massive

protostars:HH 80-81, (Marti et al. 1993)
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Qiu et al. 2009: episodic molecular bullets (100 km/s) ejected close to central source



Non-thermal emission from jets

m Alcolea et al. 1992: H,O masers proper

motions
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Proper motions of masers
(Torrelles et al. 2010)

Five epoch VLBI obs (0.4, 0.3 AU woe
at 700 pC) OUTFLOW
Masers: static at 1 scale;

Masers at <0.1” : draw ellipse
=> Unseen YSO ?
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[RAS 165477-424°] (Garay et al. 2003, ...
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[RAS 165477-424°] (Garay et al. 2003, ...)

1000 Msun core
e 100 Msun CO outflow

IRAS 16547—4247
Co (3-2)
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Polarization 1n jets!
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IRAS 16353-4636

L=6x 10%erg/s,d =8 kpc
+IGR TN
(GMRT)
.\‘\,\ ,//
Glimpse

* ATCA 1.4 to 20 GHz obs (0.5”) . D co
e NTT J, H, Ks (photometry + IRAS 163534636

Spectral index (17 / 19 GHz)

spectroscopy) — —©

16139™04.0% 03.5% 03.0°
Right Ascension (J2000)

Benaglia, Rodriguez, et al. 2010




Interaction with the ISM

Moleaular cloud

C 5.8x10 7 cm

-

*+, Protostar
.

IRAS 16547-4247 : The whole source (protostar + jets) is embedded in the
molecular cloud
Araudo, Romero, Bosch-Ramon & Paredes 2007, A& A 476, 1289




Particle acceleration and losses at the lobes
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Diftusive shock acceleration




Particle acceleration and losses

dnt,y)/dt+ dyn(t,y) oy +nlt,y) [ Tese = QU1y).
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Simplest case — (E) o< (dE/dt)™" [E Q(E)dE

pp, Bremss, ad. Tonization
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Particle acceleration and losses
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Additional details of the model

Effects of both the forward and reverse shocks are considered.
The reverse shock 1s responsible for particle acceleration up to

relativistic energies, and the forward shock sweeps matter
while decelerates.

Swept matter by the bow shock 1s a target for pp and ep
interactions.

Protons can escape from the acceleration region and diffuse
into the molecular cloud.

Several protostars can “light up” a giant cloud in gamma-rays.




HH 80-81: a partially embedded massive protostellar system
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Some basic parameters for HH 80-81

s v,~ 700 km/s

= n~ 1000 cm™

s R;;~510"%cm

m D~ 1.7 kpc

m [~4 10" erg/s

= B,,~5mG

s E ~3 10" eV -E ~E /12

max, p max, ¢ max, p

See Marti et al. (1993), Pravdo et al. (2004), and Bosch-Ramon et al.
(2010) for details on the source.




SED for HH 80-81
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The massive protostar IRAS 16547-4247

Southern lobe: .46 GHz 14.9 GHz
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SEDs for IRAS 16547-4247
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Radio-gamma connection
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Spectral energy distribution of the non-thermal emission for HH 80 (Bosch
Ramon et al. 2010), n 4 = 103/cm?.

Gamma-ray astronomy can be used to probe the physical conditions in star-
forming regions and particle acceleration processes

in the complex
environment of massive molecular clouds.




Low-mass proto-stars: T-tauri




Magnetic reconnection 1n T-Tauri
magnetospheres

A

Accretion Disk

= YY)

e.g. de Gouveia Dal Pino, E.M., Piovezan, P.P., & Kadowaki, L.H.S. 2010,
A&A, 518, 1d. AS5; Kowal, G., de Gouveia Dal Pino, E.M., & Lazarian, A.
2011, ApJ, in press.




The power available in the magnetized system 1s

The efficiency of non-thermal acceleration in the magnetized plasma is

. ). 2

Viee = 0.6V, that gives an efficiency 7 ~ 107°.

10 11 12 13 14
Log(E/eV)

Accretion disc

o

Accretion columns

Magnetosphere

Del Valle, Romero, Marti, et
al. ApJ, 2011, in press

Absorption
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Fig. 8. — Composite X-ray image of the IFGL J1625.8—2429c¢ error circle obtained with the Chan-
dra ACIS camera in the energy range 0.1-10 keV (Dataset identifier: ADS/Sa.CXO#0bs/00618).
Numbers indicate the T Tauri stars consistent with this Fermi source in decreasing order of right

ascension. All of these stars are X-ray emitters.
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ABSTRACT

Although supernova explosions are widely thought to give rise to cosmic rays (nucleons),
there is, as yet, no direct evidence from individual objects to support this view. A possible tool
in this respect is the detection of y-rays emitted by supernova remnants (SNRs) via »° decay,
which results from high-energy cosmic ray interactions with the ambient matter. However, the
accumulating y-ray data (in particular from the Cos B satellite) show that SNRs as a class are
not y-ray sources, but rather that y-ray sources are, in general, closely linked with young objects.
Bearing in mind the cosmic-ray production problem, we examine, among other possibilities, if
arestricted class of SNRs are actually y-ray sources; we restrict the class to those SNRs physically
linked with extreme Population I objects.

Along these lines, spatial coincidences between SNRs and OB associations or H 11 regions
(SNOBs) are sought by various methods, and this yields a list of about 30 objects (which is
certainly incomplete). From the Cos B data, one finds that five (perhaps six) out of 11 as yet
unidentified y-ray sources (above 100 MeV) are associated with SNOBs, and there is a hint that
as much as three-fourths of the best identified SNOBs are seen in y-rays. The associated prob-
abilities of chance coincidence are ~10-% Angular and other statistical considerations also
support this association.

Pending confirmation, if a substantial proportion of the observed y-rays does come from =°
decay, SNOBs appear to be a major source of galactic cosmic rays, in which cosmic-ray (=2 GeV)
energy densities in the range ~ 10-100 times the solar neighborhood value are found. To lead the
way toward a possible model for the origin of cosmic rays consistent with the y-ray data, a
phenomenological scenario is suggested. In this scenario, cosmic rays are produced by a two-step
process, in which low-energy (MeV range) particles are injected by young stars pertaining to an
OB association, and are subsequently accelerated by the shock wave of a neighboring supernova
explosion.

In this context, we discuss such items as the case of “isolated” SNRs, the possible links with
light-element production, further observational tests, and the links between SNOBs and other
astronomical objects.

Subject headings: clusters: associations — cosmic rays: general — gamma-rays: general —
nebulae: supernova remnants — stars: flare




Positional coincidences of EGRET sources with OB Assoc.

y-source F, ’ OB Assoc.  A# T L Other
2

(3EG J) (108 phem 2571 (deg) (103 ergs™')  coincidences

0229+6151 37.946.2 2.2940.18 Cas 6 1.44 I11.1£1.6 of
061742238 51.443.5 2.01£0.06 Gem|l 2.07 6.7 £0.4 SNR
063440521 15.043.5 2.03£0.26 Mon 2A 1.27 Of/SNR

Mon 1B 1.27 24 +£0.6
0824-4610 63.9+7.4 2.36+0.07 VELA?2 4.75 1.1 £0.1 SNR
0848-4429* 20.147.7 2.05+0.16 VELA 1B 1.62 23+ 1.7
1027-5817* 65.947.0 1.944+0.09 CarlA 1.17

Car 1B 1.98 21.8 £2.3
1048-5840* 61.846.7 1.97+0.09 Car 1B 1.78 20.5+ 2.2

Car 1E 1.72

Car IF 0.72
1102-6103 32.546.2 247+0.21 Carl1-2 1.17

Car 2 3.15 10.1 £ 3.0
1308-6112 22.046.1 3.14+0.59 Cen 1B 1.15 5.0 +1.3

Cen 1D 1.46

Sco 2A 8.89 0.04 +0.01
1410-6147 64.248.8 2.124+0.14 CLUST 3 1.12 10.6 =14
1420-6038* 44.7+8.6 2.02+0.14 CLUST3 1.08 7T4+14
1639-4702 53.248.7 2.540.18 AralA A 1.95 98+ 1.5

NGC 6204  2.11
1655-4554 38.5+7.7 2.194024 AralAB 1.13 5.10+£1.0
1718-3313 18.745.1 2.59+0.21 Sco4 1.84 2.0 £0.6
1734-3232 40.3+6.7 — Tr27 1.63 5.0 £0.8
1809-2328* 41.74+5.6 2.06+0.08 Sgr 1B 0.47 11.3+1.7
1823-1314 42.0+74 2.69+0.19 Sct3 1.45 6.7+1.2
1824-1514 35.24+6.5 2.1940.18 Sct3 1.68 56+1.0 SNR
1826-1302* 46.3+7.3 2.004£0.11  Sct3 1.62 73+1.2
2016+3657 34.74+5.7 2.09+0.11 Cyg 1,89 5.49 3.4 +0.6 WR/SNR
2020+4017 123.7+£6.7 2.08+0.04 Cyg 1,8,9 5.10 12.3 £0.6 SNR
202143716 59.146.2 1.86+0.10 Cyg 1,8,9 5.24 594+0.7 WR
2022+4317 24.745.2 2.31+0.19 Cyg1,89 5.66 2.4 4+0.5 WR
2027+3429* 25.944.7 2.28+0.15 Cyg 1,8,9 5.71 2.9 +0.1
2033+4118 73.046.7 1.96+0.10 Cyg1,8,9 5.22 7.2 40.7 of
2227+6112* 41.3+6.1 2.24+0.14 Cep2B 4.06 1.8 +0.2
* Pulsar candidate?.

The probability of chance association is negligible Romero et al. A&A 348, 868 (1999



Positional coincidences of Fermi sources with OB Assoc.

Object Coincident Simulated Probability Simulated Probability
type y-ray sources 1° — bin 1° — bin 2° — bin 2° — bin
YSO 12 4420 1.8x10°7 3.6£1.8  5.6x10°
WR 2 1.3=1.1  2.9x10°! 1.2+1.1  2.9x10°!
Of-type 5 29+1.7  1.1x10°" 29+1.7  1L1x10°!
OB assoc. 107 72.5£8.0 4.2x10°° 72.8+8.0  5.5x10°

The probability of chance association is still negligible

Munar-Adrover, Paredes & Romero, A&A, 530 (2011) A72




Cygnus OB2, radio
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MAGIC OBSERVATIONS OF TeV J2032-4130

Weighted excess events

41°40°

20"36™ 20"34™ 20"32™ 20"30™ 20"28™
RA

FiG. 2.—Gaussian-smoothed (¢ = 4') map of y-ray excess events (back-
ground subtracted) for energies above 500 GeV. The MAGIC position is shown
with a black cross. The surrounding black circle corresponds to the measured
| o width. The last position reported by ipple is marked with a white cross
while the HEGRA position 1s shown with a blue cross in the center of the
field of view. The error bars, in all cases, correspond to the linear sum of the
statistical and ematic errors. The green crosses correspond to the positions
of Cyg X-3, WR 146, and the EGRET source 3EG J20334+4118. The ellipse
around the EGRET source marks the confidence contour.
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Gamma-rays from SFRs 1n other galaxies
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NGC 253: An archetype of starburst galaxy
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What does produce the gamma rays in SFRs?

s [fthe OB association had time to age, then SNRs and compact objects

might be present, injecting high energy particles in a rather dense medium
(e.g. Montmerle 1979, Aharonian & Atoyan 1996, Gabici & Aharonian
2007).

= In a rather young OB association, collective effects of the stellar winds of
hot stars might play an important role (e.g. Bykov & Fleishman 1992;
Bykov 1999; Torres, Domingo-Santamaria & Romero 2004; Bednarek
2007), as well as contributions from colliding wind binaries (Eichler &
Usov 1993, Benaglia & Romero 2003, Reimer et al. 2006, Pittard &
Dougherty 2006).

m [fthe SFR is very young then massive protostars can produce high-energy
emission, a possibility almost not explored so far (Araudo, Romero,
Bosch-Ramon & Paredes 2007, 2008; Bosch-Ramon et al. 2010)




Conclusions

Protostars in young SFRs can be gamma-ray sources when
embedded in the original molecular core.

The typical luminosities are ~ 1033 erg/s at E>100 MeV.

The cumulative effect of several protostars in a SFRs can
make a source detectable by Fermi and MAGIC II / HESS II.

Candidates should be found through a combination of IR,
high-resolution radio, and molecular line observations.

Gamma-ray astronomy can open a new window to the study of
massive star forming processes. Excellent prospect for CTA.







Jet-launching: Disk winds II

1AU~
1.5x10%3cm

- On larger scales, a strong toroidal
magnetic field builds up during collapse.

- At large radii (outside Alfven radius r,, the
radius where kin. energy equals magn.
energy) B¢/B, much larger than 1

--> collimation via Lorentz-force F, ~] By




HH 80-81: the central source
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IRAS 16359-4635
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Benaglia & Koribalski 2011




