LOW MASS STAR FORMATION

e Star formation: from spherical to
axisymmetric

e Herbig-Haro flows and molecular outflows

e Disks and jets
e The case of L1551 IRS5






1233 HERBIG AND JONES: HERBIG-HARO OBIECTS 1235

&

Fuz. ). Contrast-enhanced enfargement of the region of HH 1, HH 2, and the C-8 star, from 1200in. plate ED-32; see Fig. 7 foar identifizations.
The faint nebulosity centered on the C-Sstar iz apparent, and its elongation n the direstionsof HH T and HH 2, The smafl ring of faint nebulosity
tathe wpper left of HH 1. und the much larger ring 1o the right of HH 2 are real.
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Very Large Array
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Complementarity
of observations at
different bands.

Reipurth et al.
(2000) HST +
VLA
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R-band HST 1mages by
Watson et al. of HH 30







Current picture of low-mass star formation

i falling clond
i modenal
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Disk-Jet Symbiosis

e Disk: Forming star grows by accreting from
disk (that accretes from envelope).
Eventually, disk will condense into planets,
asteroids, comets, etc.

e Jet: Carries away angular momentum and
energy from disk, allowing accretion to
proceed. They produce HH objects and
molecular outflows, affecting energy
balance and chemistry of cloud.



Gas “‘spirals”
toward star

Total Energy Proportional to

_ Rl

Angular Momentum
Proportional to

R1/2




Blandford & Payne (1983)




Let’s take a look at the jets

 Free-free emission 1n the radio
e Base of jet usually heavily obscured
e Compact (<17)



HII Regions

Al,=1,(t,)—1,0)=(F,—1,0)A-e )

1,,(0)1s blackbody function at Ty, = 2.7 K (the cosmic
microwave background).

F,1s blackbody function at T, = 10,000 K (the electron
temperature of the 1onized gas).

Neglect 1,,(0) to get
AIV — FV (1 — e_Tv ) Since S.V= 4IVQK, and using R-J
approximation.
2
2kT,v 7,
A v o (1 —€ ) QV

C



HII Regions

2kTev2

2
C

SV

r, wn? Iy
For (more or less) homogeneous HII
region, €2, 1s approximately constant
with v. We then have the two limit
cases for T, > 1 (low frequencies)

and for T, < 1 (high frequencies):

S, o< V2 (optically thick)

S, o< v (optically thin)




Thermal Jets
7, (&) o<n, lv=>!

BERCE

We define ¢, when 7,(€. ) =1

Then &, o< V07 => size of source decreases
with v!

Since S, o< V2 £2 oc V2 vl4 oc v06

6\/ oc -v-07 SV oc VO6



log Flux Density

Free-free
from jet

e

Dust
emission
from disk

log Frequency

Free-free
emission from
ionized gas 1n jet
dominates cm
region, while
thermal emission
from dust 1n the
disk dominates
mm region.



Dust Emission

Al,=1,(t,)—1,0)=(F,—1,0)A-e )
1,,(0)1s blackbody function at Ty, = 2.7 K (the cosmic

microwave background).

F,1s blackbody function at T; = 10-300 K (the temperature of
the dust).

Neglect 1,,(0) to get
— T ' = Al (2, and using R-J
AIV — FV (1—6 v) 2mceS.V i, <2, and using
pProXimation.
2
2deV _TV
S, = ¢ (1-¢")Q,

C



Dust Emission

2kT, v _
S, = 0 (- M)Q,
C
T, <><rza,lvo_2

For (more or less) homogeneous dust region, €2, 1s
approximately constant with v. We then have the two limit cases
for T,> 1 (low frequencies) and for T, < 1 (high frequencies):

S, < V? (optically thick at high v, IR wavelengths)
S, &< V4 (optically thin at low v, millimeter wavelenghts)

Power law index of opacity depends, to first approximation, on
relative sizes between grain of dust and wavelength of radiation:
a<<hAh—2:a>A—0



Dust Emission

If dust 1s optically thin:

SV o< Td nde V2_4;andsince

Vv M
n,lQ=n ="d
d ddz d2
M _
SVOCTd d2dV2 4

If you know flux density, dust temperature, distance to source,
and opacity characteristics of dust, you can get M.

Assume dust to gas ratio and you get total mass of object.



Three (multiple) young, low-
mass systems

L1551 IRS5
HH 111
HH 7-11

Tomorrow: Massive star formation
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L1551 IRSS

Near-IR source (Strom et al. 1976) that
excites bipolar outflow (Snell et al. 1980)

Located in Taurus at 140 pc
Bolometric luminosity of 30 L n
Embedded 1n dense core (1000 AU)

Believed to be prototype of single star in
formation
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Very Large Array
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8 *=*1  Free-free from

g1 1 ionized outflow

é 1  dominates cm

s | 1 range, while thermal
emission from dust

5°f 1 1n disk dominates

x| ] mm range

log {Frequency in GHz)
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As the angular resolution of an
interferometer 1s

0=A/B

You cannot compare observations at
3.6 cm and 7 mm made with the
same baseline B.



Two stars...
Two disks...

Two jets?



Reipurth & Bally 2001
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Fridlund & Liseau 1998 HST R-band
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Very Large Array




Very Long Baseline Array
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V (orbital)/V(et) = 1/10
But V(orbital) = 5 km/s

Which appears to imply a V(jet) of only
50 km/s

Too slow for the L1551 IRSS jets



SubMillimeter Array (SMA) 1n Mauna Kea, Hawaii
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SMA observations of
CS (J=7-6) line show
rotating circumstellar
envelope that probably
feeds the disks at the
center (Takakuwa et al.

2004).



Conclusions

Two jets in L1551 IRSS. Collimation within 10
AU.

The north jet shows “mirror” symmetry perhaps
due to orbital motions.

There 1s a region of emission between the jets
that could be due to interaction.

Repeat VL A+Pie Town observations to
understand dynamics of jets.



Favata et al. 2002

XMM 0.3-7.9 keV HST R-band



