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A Formation of Sun-like stars - in isolation
A Star formation in the cluster environment

A Low and High Mass stars
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History-The Di scovery of

. 9 9

. R CrA T Tau , R. Mon &
RU Lup The Original 11 (Joy, 1945) ..

I Stars that show irregular flux * RY Tau
variations

I Stellar absorption features typical of
sun-like stars .

i Often associated with bright/dark S CrA
nebular regions

I Curious Emission Line spectra |
UX Tau .

A : XZ Tau

-
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The Discovery of t

. 9 9

R CrA TTau . RMon
! .
RU Lu Afew years later (1949) Armenian s
: Astronomer V. Ambartsumian first ~ RY 18U
postul ated that these

vari abl efactisundike stars n

In the very early stages of v
formation. Thus, the science of S CrA
. star formation had begun!
UX Tau "9
T : XZ Tau
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Shortly af
Taur I St ar
| Nt r oduc e

Anvari abl e star s

kt and variable nAel/l

By 19506s)

£ A \ Seen to be concentrated around

the Orion nebula cluster

The vari abl es of nOri on
to the T Tauris
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AM42 gave astronomers
some much needed clues
into the formation of stars

AG. Herbig (1952) and
other astronomers of the
time noted that the Orion
cluster has several hot,
massive stars - gt Ori C is
an O6 star, ~40 solar

' masses!

ASuch massive stars
consume their nuclear
fuel extremely quickly,
and so do not live very
long lives.

AAstronomers in the
195006s real i z
these massive stars
must be very young, and

. : probably formed out of
e - HST Image these swirling clouds of
gas and dust.
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The Orion

. AAstronomers identified
that the massive stars in
the nebulae likely formed
out of the gas and dust
from the molecular clouds
here.

AAre other, lower mass
stars in the region also
young?

A& How did these stars
form in this complex
environment é°-

7/15/2010 Tracy Beck - HSB 7



P
> ]
il -

Sign Posts of Star Formation

1 .'_ ' v"’

Massive stars forming
in a dense molecular
cloud emit energy that
lonizes the
surrounding gas -
producing HIl regions!

The atomic elements
present in the gas emit at
characteristic wavelengths,
(Hydrogen, Oxygen,
Nitrogen, Sulphur, Iron,
et c e Yhes& gasses
create the glowing clouds of

&J‘ The Omega.Nebma (|\/| 17) material seen in images
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The Pleiades (M45)
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Sign Posts of Star Formation
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Older areas and
Regions of Lower
mass star formation
- with no hot stars
that ionize nearby
gas - can be traced
by dark nebula from

low mass, quiescent
clouds, or
sometimes by light
scattered off of
nearby cloud
material (e.g.,the T
Tauris!)




Star Formation is Happening Throughout
the Milky Way!

.M16 /'
..- : :, ¢ < -’ ‘(Eagle) 2 ’ e ‘ .
. MikyWay %o o+ \a\ﬂf? L A
e : R (HorseShée‘) Y sf

.

HaIé‘-_Bo'pp.. PP . (Lage)on) N

Jupiter
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Picture Credit: J. Hester & P. Scowen

12



7/15/2010

Tracy Beck - HSB

Picture Credit: J. Hester & P. Scowen
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size of our solar system
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The Formation of Sun-like
stars

Stars form I n a range
A From Giant molecular clouds

* M ~ 106 M., R ~10 pc

= Star clusters with massive O & B type stars! (Like Orion, M16)

A To low density molecular core regions

sl 1~ 10° M,,,,, R~0.1pc

= A few stars, & with few or no high mass (Taurus SFR)
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Formation of Sun-Like Stars - In Isolation

(Like In the sparse regions of the Taurus SFR)

t~10%-10%yr

3
/\W

lpc Protostar, embedded in
— “ 8000 AU envelope;

Drark cloud cores Gravitational coll apse disk; outflow

100 U ¥
—

Pre-main-sequence star, Main-sequence star,

T Tauri star, disk, outflow remnant disk planetary system (7)

M.Hogerheijde1998, after Shu et al. 1987
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Formation of Sun L|ke Stars IAn Isolation

lpc
S ——

Dark cloud cores

Molecular clouds have . e e e R
clumpy struct umdac;‘od{dﬁcdaarrtkso are see.d
cloudcor es o f r o mengitive iofrared exposures that can peer
stellar embryos take through the clouds, and at radio
shape wavelengths where the cloud material emits
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Formation of Sun-Like Stars - In Isolation

A What causes a cloud core to
collapse?

ALetds consider the
cloud:
I Gravity = acts to collapse the cloud
I Internal Thermal Pressure = supports
against collapse
A In perfect hydrostatic equilibrium,
gravity and pressure balance
exactly.

A In order for a cloud to collapse to a
star, the gravity must overcome the
Il nter nal gas press

When the conditions are
right, these dark cloud
cores contract due to

gravity to form a proto-star

7/15/2010 Tracy Beck - HSB 18



Formation of Sun-Like Stars - In Isolation

|— _‘ A For a given cloud of Temperature T and
K density r, there is a critical mass for which
—

gravity will dominate the internal pressure
and the cloud wil|l (

**The Jeans Mass**

A The Jeans Mass is a fundamental quantity
Il n star formation s

When the conditions are If cloud Temperature If cloud density
right, one of these dark increases - cloud increases-c | 0 u ¢
ol [e]i[o Melol(=ISNele]plir-T Yo [N pressure increases and gravity is higher and
to gravity to form a the Jeans mass is the Jeans mass is

smaller

proto-star larger
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Formation of Sun-Like Stars - In Isolation

**The Jeans Mass**
|\/|J . -|-3/2/,-1/2

7/15/2010

& Observations of dark, quiescent clouds
have shown that:
r 10-1°g/cm3in dark cloud cores.
T ~ 10K in dark cloud cores.
So:

M, ~ 7.6x1032 g ~ 0.4M_,,,

The Jeans Mass is the minimum mass
that a dark cloud should have to collapse
on its own from self-gravity dominating
Internal pressure.
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The Formation of Sun-Like Stars - In

|solation
M, ~ 7.6x1032 g ~ 0.4M

What happens when a Cloud starts collapsing?
Alnitially: The gas can cool very efficiently by
emission from molecules such as CO (seenin
radio).

A So, collapse is Isothermal (T constant) during
the early phases. Gravity becomes even more
dominant over pressure, & M; drops

AThis allows for the possibility that the cloud
might fragment into smaller sub-clouds during
the collapse process

sun

Theory has a difficult time explaining very low mass stars

forming in isolation—cloud fragmentation during collapse!?

7/15/2010
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The Formation of Sun-Like Stars - In
|solation

A As the young star collapses, the tiny
slightest bit of initial angular momentum
IS conserved in the system, and the
rotating cloud becomes a rotating,
flattened disk

A Extended material in the remnant
formation cloud (the envelope) is
accreted onto the disk.

A Material in the rotating disk is accreted
onto the central star, & the star builds up
Its mass.

Protostar, embedded in
000 AU envelope,
disk; outflow
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Formation of Sun-Like Stars - In Isolation

t-10°-10%yr

A Circumstellar material
binolar IS accreted onto the

outflow

o central star.

A A

Y Ko Ahe accretion process

| ————— | ‘ c 5 .

T Tauri star, disk, outflow \ & IS SometlmeS eru pt|Ve or
| episodic - FU Ori, EXOr

outbursts, where mass

IS at once accreted onto

the star in large
“circumstellar

disk quantities.

rotostar '
p ‘\- . W Y

AThe process of disk
material accreting onto
the central star is not
100% effi ci €

23

Artists conception
of a protostar




Formation of Sun-Like Stars - In Isolation

t-10°-10%yr

A The process of disk
material accreting
onto the central star
IS not 100% efficient.

T Tauri star, disk, outflow » A hrough Processes

' not yet understood,
some of the material
being accreted onto a
young star is ejected
out through the poles
of the system in
spectacular

Artists conception of a . protostellar outflows
protostellar outflow [ of material!
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Formation of Sun-Like Stars - In Isolation

HST Image of a Whil e .some are

circumstellar disk o
seen in silhouette with ' |

a powerful outflow

-
s
-
4 '
'v

g " HH 46
A HST Image of a powerful outflow

HH 30  from a young protostar still
embedded within its natal cloud
Why are some outflows well collimated?
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Formation of Sun-Like Stars - In Isolation

In the latter stages of the star formation process, the remnant cloud

material is gone, the outflows have ceased. The circumstellar disk

material is accreted onto the central star or it coalesces into planets,
comets, asteroidseetcé

100 A0 Y 50 AU
—_— —

Pre-main-sequence star,
remnant disk

IMMain-sequence star,

planetary system (7)
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St ar

| t 6 s T-90% ef!stars
form in c¢cl us
| sol ati ond |

cloud regions of Taurus
(Lada et al. 1991, Lada &
Lada 2002).

In general, observations suggest that young, sun-like stars

form in similar manners where ever they are.

. BUT-t here are some | mporta
Orion Cluster _ >
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Nearby massive

cluster members are . NOt a” StarS

external forces - - 7 .

radiation = erosion form 18

of gasée -
| Nl s ol &
-~ There are some

Important

differences!

But the massive stars could help
push gravity in its dominance over

— cloud pressure - i.e., nearby
supernova explosions. M

Jeans
could go down to external effects

(ntriggering
Interactions with cluster members

can affect a fo
(disk truncation) and may alter the

HST Image of the cone nebula, NGE 2264 [t ARUINECS
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Formation of
Sun-Like
Stars

In the latter stages of
the star formation
process, the remnant
cloud material is gone,

the outflows have
ceased. The
circumstellar disk
material is accreted

. . _ onto the central star or
A Protoplanetary Disk -1 P r o p in @ribi, dust in

the disk seen in silhouette in front of the glowing it coalesces into
nebular gas in the region planets, comets,
asteroi dsée
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about, .Stiarbi kb

Deep infrared A
images of star - . .

clusters reveal & e ey . "
extremely low ‘ e .

mass members, -
I ncl udi n
dwar f s o

stars). "1 WA
Some of the ;
lowest mass .
objects are just a AT e ,
few Jupiter " . With masses << Mj,,., How do
masses! Dubbed o these objects form?
A f rfleatng £ S ~ Theories for their origin largely center
pl anet so g N on formation with more massive stars
al. 2000) _ - fragmer_ltati_on of the collapsing
. cloud and ejection of the lowest mass

objects from the system

. . ¥
An Infrared View ofthe Orion Cluster *
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Wh at about star-E1 kb

Some great animations of star formation:
http://www.astro.ex.ac.uk/people/mbate/Cluster/index.html

M. Bate et al. (2002 - 2007, 2008)

JE S drscd
saRE s by

These simulated animations show an
initial cloud at T=0 evolving over
~250,000 years to collapse and

fragment form a small cluster of ~1200
@ ; stars. Some of the low mass members
. Q are formed in the inner cloud regions
- ' and ejected into outer regions of the
-~ cluster.

= Theoretical simulations CAN explain

t he exi stence of t
pl anet so
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http://www.astro.ex.ac.uk/people/mbate/Cluster/index.html

Also - What About High Mass Stars?

Those 20+ M., Stars that Linger out there?

sun
.- e '“*3 R -.ﬂs ‘. N
4 ° - ° Theformation of massive stars -
LN . especially of extremely
TR o massive 10+ M, stars - is
_ B e one of the greatest
L L e A P o challenges in modern
" B VTN TR PR astrophysics
FYRREY 7 i FOTREN The canonical model for sun-like
l [ . stars shoul dnot
- * - Highmassstars-dono6t | iv
o v o MFTC They must begin burning nuclear
gt ' . fuel while still accreting mass
= strong radiation pressure =
disruption and dispersal of
circumstellar disk material

""],—IST.Image of‘the Pistol Star--
At ~100+ solar masses, this is one

of the most massive stars known in

the milky way
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Also - What About High Mass Stars?

Those 20+ M., Stars that Linger out there?

A The canonical model
for sun-like stars
Sshoul dnodt wt
theory

A The strong radiation
from the forming star
- pushes against
accreting mass,
disrupts the disk and
disperses the forming
cloud material before
it can all accrete.

HST Image of the Eta Carina

At ~100-150 solar masses, this is another of
the most massive stars known in the milky way 33
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Also - What About High Mass Stars?

-

[mage bf the Young, Massive
star AFGL 2591

Massive stars have extremely
strong outflows!

Strong radiation - pushes
agailnst accret.

HOWEVERE recen
observations that can pierce
through the dense dust and gas
reveal powerful and extensive
outflows from forming high mass
stars.

The cavities cleared by the
powerful outflows allow radiation
to escape out the poles!

Only extremely recent
observations in the last several
years have confirmed the
presence of circumstellar disks
around massive stars!

Massive stars do seem to
form Iin a similar manner to
low mass stars!

34




One More Complication for the Star
Formati on PiI ct U

Studies of the
Milky Way have
shown that 50-60%
of stars form in "
binary systems, or
higher order
mulitples! (triples,

quadrupl e Alierio (b Cyg) - a visual binary and observing
lab favorite!

High mass stars often have more companions - the multiplicity of high

mass stars is nearly 100%, and many are in high order systems.
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EJ Stars often Form as
Binaries or Higher
or der Mu | 1

An image of scattered light off material

around the GG Tau system (~40AU

T separation)-s hows a Aring
surrounding the stars

An image of GG Tau with . . Though - full system is not shown, GG

the star light subtracted L Tau is a quadruple star!

A Nearby companion stars can affect the normal evolution of circumstellar
disks - theory shows that disks are truncated at 1/3 of the separation of the
companion. This affects the planet formation process!

A As shown above, binary stars can have circum-binary disks! Can planets
form in these circumbinary rings??
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Stars often Form as Binaries or Higher
order Multiples!

Hol | ywoodds view of Planet for mat |

Can planets form in circumbinary rings??
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HST Image of the Carlna Nebula

f... o §
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HST Image of the Carina Nebula

Eta Carina - 100 to 150Msun!
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HST 20th Anniversary Image

7/15/2010

Pillars of gas and dust

- within the Carina nebula

- Dense cloudlets where

young stars are forming
are seen, as are regions

. of the cloud that have

Tracy Beck - HSB

eroded from the
radiation pressure from

. nearby hot stars.

Jets and outflows are
also seen
40
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) In Star Formatlon SClence'
What WI|| JWST See?

..*,. . X _—
'd'ﬁ-."_'\;:v'
L
3
3 o %
A ™
) 2
Sk
7 TAL
- i
o 2
—
Seea—

&R J\WST will be

extremely
sensitive -
many of our
ANfavorit
and SFRs are
A too bright!

&R \We have to go
X o FAINTER!!
% ALower mass stars &

= brown dwarfs
Ll AYounger, more

. WP obscured proto-stars

g AYoung stars that are
forming in more distant

Bt o regions!

Scheduled for Launch in 2014, JWST will peer at _
star forming regions at Infrared wavelengths 41




In Star For,l;nat‘ion' Science,
Whét will JWST See?

Can we see the very young protostars in the
earliest stages of formation?

JWSToOs |

Wavelengths
can pierce

' through the gas

and dust that
young stars
form in to see
the stellar
embryos in the
very early
stages of mass
accumulation



JWST Spitzer HST

The star
Fomalhaut

-
Center of / ®.

offset dust ring

Hypothetical planet

/ (estimated to be orbiting between
’ 4.6 and 6.5 billion miles
Offset from the star)
dust ring
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JWST
Science
Simulations

JWST Will have
better sensitivity
and resolution than
the Spitzer Space
Telescope, and will

be able to spatially
resolve dust disks
around forming
stars with exquisite
detall!
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ARevrswedth&_
mawsfs * Syl ar-s;

A Suil many opén questions: - ¥
i How does ma’ss accretlon onto ‘a,,]!ﬁtostar turn mto*outﬂow’?

. \ . How do the Iowes; asSs :
7 1y '[ How does mult|p||C|tya ect

- . : S
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