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Influence of B-fields on B-fields provide anisotropic pressure
expanding ionization fronts

Filament => HII region => bipolar bubble
(2D HD simulations: Bodenheimer+ 1979;
Deherveng+ 2015)

 ——

I-front B-field Ebiwit 185 B-fields may affect: opening

angle & the extent they expand

I-fronts ==> accelerated —=> hindered

Eg., Galactic bubbles of
young HII regions elongated
along B-field in Galactic
plane.

Easier for charged particles to
follow B-fields than

perpendicular to them
(Pavel & Clemens 2012)
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RCW57A: Fragmentation and active star formation
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USSRV ETS Still embedded in the molecular cloud,
(.10“ cm™) (.10j cm™? )

located at 2.4-2.8 kpc
<70 5 42 Consist: eight 7.50V (Persi+ 1994)
g lj:': more than 130 YSOs, 5 IRS sources,
SO0 9 water + methanol masers

< Andeg+ (2008)
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FG: [H-Ks] < 015 (3)
BG: [H-Ks] > 0.15
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TURB
=> Mean B-field pressure:
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Mean B-field
strength: 74+7pG

Pr = B?/8r

_1B-fields play active role!

(Chandrasekhar & Fermi 1953)

84+19

67+16
6915

9519

nbt14

-
P turb = PO turb

=>n_, T are taken from (Danziger 1974)
=>n =22.2 cm’; Te=9666K

Thermal pressure:
Radiative pressure:2.7x10°

==> PB >P
==> PB ~ P

RAD

5.93x10*

P

TURB’ = TH

(both act in the same direction)

B-fields play active role!!

2.27x1071° (dyn/sq.cm)

Mean turbulent pressure: 9.53x10"! (dyn/sq.cm)



(A) (B)

One-one correspondence b/n B-fields and bipolar bubble

A

Schematic diagram - plausible scenario: B-field driven
formation and evolution of filament and bipolar bubble

(C)




Morphological correlations among filament, bipolar bubble and
B-fields in RCW57A: Implications

- Massive star formation (B-field guided funneling material flows on to the cores)
- Cluster formation (protostellar turbulence and gravitational in flows guided by B-fields)
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Krumfiolz+ (2010), Wang+ (2010) Outflow regulated cluster formation

Rate of star-formation in a i

1000 Msun pc scale clump | Most of the stars — in clusters (Lada & Lada 2003)
- 1 pc scale clumps

- 10° to 10° Msun

' - gravity, turbulence and magnetic fields

Possible factors for the low star-formation rate:

f T rb\ﬂ}fem;}e + B-field Turbulence + B-fields + outflow

A b

]( /. fr J “ '" P M
JIC? -f-n & 1 ]d+ UthIOW

0.6
Time [Myr]

Li & Nakamura (2006)

Rapid dissipation of ISM turbulence
-but supersonic turbulence decay rapidly

(~ on turbulence crossing time)
- Therefore, supersonic turbulence
should be replenished ‘

Simulations of outflow regulated cluster star-
formation:
(I) turbulence dissipation rate > outflow

.. Onset of protostellar turbulenc?
1njection rate . _

0.5 1.0 1.5 2.0

(IT) kept clump close to virial equilibrium ' t/t
) g
(III) B_fIEId structure w.r.t CIOUd StFUCture’ FiGg. |.—Evolution of the total kinetic energy (E,; solid curve) and gravi-
and outflows. inflows orientation tational energy (E,; dotted curve). The energies are normalized to the initial
b

kinetic energy E,, and the time to the gravitational collapse time 7,.



Observations of Nearby Parsec-scale Cluster-forming Clumps

Name

AP /dt

(Mg kms™! yr_l)

dPou/dt*

(Mg kms™! yr1)

(dPout/dt)/(dPrurb /dt)

P, b

out

(Mg kms™1)

Eont”
(Mg km? s72)

B59

L1551
L164IN
Serpens Main
Serpens South
o Oph

IC 348

NGC 1333

1.0 x 1073
1.8 x 1073
1.3 x 10~
3.4 x 1074
2.1x107%
2.9 % 107*
2.5 x107*
3.0x 1074

8.5 x 1073
6.3 x 1074
1.3 x 1073
2.5x 1073
6.5 x 107
1.2 x 107
47 x 1074
1.1 x 1073

8.5
35
10
74
3.1
0.4
1.9
3.6

2.6
19
80
75
19
3.6
14
32

4
130
273
445
165

61

26
119

(furbulence dissipation)(outtlow injection);

Numerical simulations
derb/dt ~ dPout/dt

dissipation rate ~ injection rate
Clump: Virial equilibrium for a
long time

2 The outflow momentum injection rates are highly underestimated. See Section 3 for details. The dynamical time of 3 x 10* yr is
also adopted to derive the outflow momentum injection rates.

b The following two conditions are assumed: (1) the outflow gas is optically thin, and (2) the outflow axes are randomly distributed
in the plane-of-sky, and the mean inclination angle of £ = 57°3 is applied for all the outflow components.

L1551

Energy dissipation vs injection rates =>
outflow feedback to maintain turbulent
motions

B59 LI1641IN

Serpens Main =

NGC1333

Serpens South , 1C348

Except p Oph outflow momentum injection
rate is comparable or larger than the turbulence
momentum dissipation rate

=

-
-

(dP_/d/(dP_ /dt)

Outflows maintain the supersonic turbulence

300 600 900
clump mass (M )

, 1200
Nakamura & Li (2014)




Expected geometrical correspondence b/n filament, outflows (bipolar bubble)
and B-fields according to outflow regulated cluster formation
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- B-fields vs filament and bipolar bubble
Summary

- These study traces - pre-existing
conditions in favour of massive star and

cluster formation

-If B-fields are important in massive
star-formation, we expect coherent B-
fields upto the clump and core scales.

B-fields vs cluster formation — via
outflow regulated cluster formation
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RA (J2000) - sub-mm polarimetry at clump-cores

] 290. - .12.0‘ .1.1:.12|:0.D'P. .5(}.0. = .4q.0‘ BB oL o 20000 .:l - .. . .
e SEEEER | scales is essential

H-band vectors on 870 micron ATLASGAL map
Black contours: 450 micron P-ArTeMis



Thanks for your kind attention!






Massive stars and cluster in

Purcell+

S1-M2

In filament: massive cores & proto stars

- 8 clumps with mass > 250Msun

- massive (> 20 Msun) stars: Class0/1
(Andre+ 2008, Purcell+ 2009)

In HII region: cluster
- more than 130 early type YSOs
- at least 8 O7.5V stars (Persi+ 1994)

- yet unrecognized many O-type stars

(Townsley 2009)
Black: 450 micron

Red: 3.4 cm radio
+ Masers
X IRS sources
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Massive stars:

- circumstellar disks form via conservation of angular momentum (Terebey+ 1984)
- angular momentum — infalling material — disk growth (York & Bodenheimer 1999)
- accretion of material on the star

But
- soon after massive star formation — UV raidation quenches further in falling material
and accretion (McKee & Tan 2003)
- B-fields can remove angular momentum — by magnetic breaking (Machida+ 2011)

- however massive stars are forming despite of these problems
(Patel+ 2005, Zapata+ 2009)

How massive stars form?
- similar to low mass stars? (Giarart+ 2009, Qiu+ 2014)
- colasence of multiple cores — reduced magnetic braking — dynamical interaction —
redistribution of angularm momentum (Bonnel & Bate 2002, Zhang+ 2015)
- dissipation of prestellar envelopes (Yen+ 2015)
- misalignment b/n B-field and rotational axis
- turbulence
-ionization degree



polarization

NIR  Optical

100
AT (um™)

For background stars: 3 = 2.22+0.02
and 1.61£0.01 for P(J)/P(Ks), and
P(H)/P(Ks), respectively

Foreground dust properties are different
from those in the star-forming region

Whittet (2004)

Serkowski law — dust size

Optical/UVI I{\ — I;J]_nax e}(p{ - I{- 1112 ( )\]_uax !ff)\..] }

NIR Where =1.6-2.0

Red: background
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Table 4
Star Formation in Nearby Parsec-scale Cluster-forming Clumps STARFORMATION EFFICIENCY

Name NClassoy1 SFR?fbsa SFR¢" Slow SFRffZ few (1-8)%

(%) (%)
(life time of Class I: 0.4 Myr)
B59 4 7.9 1.3

L1551 3 51 13 Rapid SFRff: 10%-few x10%

L1641N 14 24 29 (life of time of Class I: 10* yr ~0.01 Myr)
Serpens Main 14 1.9 34

Serpens South 42 21 43
p Oph 23 1.3 42
IC 348 16 1.8 33
NGC 1333 40 6.1 3.0 ® obs

model

Notes. The lifetime of protostars is assumed to be 0.4 Myr for all the regions.

a SFR%]-’S is derived from Equation (13).

b SFRy is derived from Equation (10) with fz = 1. NGC13

Nobs
20

Nife
¢
(0.4 Myr

M.:mean protostar mass; t_ : life time of Class0/I

SFREY* ~ 0.01 (
Serpens South

Serpens Main

Star Formation Rate (%)

) .. 1GM4
SFRgt = 0.13af3 foufy Vi~

= 0.02 (({_2) ((’;"‘;‘)_1 (Cl(ﬁ)l (1021:/#)_1 'I rho Oph e IC 348
- (S(j:f—M@ ) ) (o.ﬁc)m- (10) 300 600 900 1200
clump mass (M@)

F 3
1
1
1

f,:magnetic support (0-1);

fout: fraction of outflow momentum converted into turbulent momentum
Star-formation rate per free-fall time:

fw:fraction of the outflow contributed as molecular outflows
observations vs predictions

V_: outflow speed Nakamura & Li




Table 3
Observations of Nearby Parsec-scale Cluster-forming Clumps

Name dPrb /dt dPoy/dt* (dPout/dt)/(dPruh /dt) Poutb
(Mo kms™lyr™!) (Mg kms™!yr ) (Mo kms™1)

B59 1.0 x 10-5 8.5 x 10 8.5 2.6 Outflow feedback

L1551 1.8 x 1073 6.3 x 1074 35 19

L164IN 1.3 x 10~* 13 % 103 10 80

Serpens Main 3.4 x 107 2.5 x 1073 7.4 75

Serpens South 2.1 x 107# 6.5 x 107* 3.1 19

o Oph 29 x 1074 1.2 5:30~* 0.4 3.6 Nakamura & Li
IC 348 25x 1074 4.7 x 1074 1.9 14

NGC 1333 3.0 x 1074 1.1x 107 3.6 32 (2014)

Notes.
2 The outflow momentum injection rates are highly underestimated. See Section 3 for details. The dynamical time of 3 x 10* yr is

also adopted to derive the outflow momentum injection rates. 1

® The following two conditions are assumed: (1) the outflow gas is optically thin, and (2) the o 1 U : :

in the plane-of-sky, and the mean inclination angle of £ = 57°3 is applied for all the outflow cc 1.1551
.

least massive clumps

Impact of outflow feedback: Outflows with enough < 200 Msun

energy disperse surrounding gas
=> quenches further SF (1 > 1)

L1641

»

Serpens Main

assive > 600 Msu

E__: outflow kinetic energy .
: _ IC 348
W:clump gravitational energy rho Oph

=>T1_,.~ 0.1 minor role of outflow feedback on

300 600 900 1200
clump mass (M )

global clump dynamics; SF may proceed for a
long time
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