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How to form high-mass stars ?

- The well established picture \\ ’/»/ 2 \I/
of low-mass star formation: / / ] \\ TN
monolithic collapse disk accretion

- High-mass star formation: Problems:
1) No good evidence for massive pre-stellar cores
2) Dense packing of high-mass stars

3) Radiation pressure versus accretion

‘\**‘/
s

—
4) No good evidence for disks around massive protostars /1 \ '™

suggest fundamental differences to low-mass stars formation scenario.



Bonnell, Bate, et al: Stellar interactions in massive star formation
2 )

Gas |nflow

“w

1) Competitive accretion

2) Cluster contraction

- very high densities
n=> 10" stars pc*
Graphic by

lan Bonnell

3) Proto-stellar collisions, p
captures & mergers

Davies et al. 2006,
- MNRAS 370,2038

High multiplicity '

_> i
of massive stars

close binary

-
=
(]
o

o=

==
[
]
=
b
=

i)

=
(9]
c—

—

e

[ R
-

+=

—

=
—

—

_—

0 v
0.001 0.01 0.1 1 10 100 1000 10¢ 10%
Semi-major Axis [AU]

0.001 Glil

Bate 2011: arXiv:10:92 500 M® cloud - ~ 200 stars




Different Model:  Krumholz et al. 2009, Science 323,754
Formation of massive stars by accretion

M =100 M _ ~ - wide binaries
r=0.1pc a > 600 AU
cloud core

6000 AU 3000 AU
Observational information on the multiplicity of massive stars

can provide very important constraints for the different
theoretical models of massive star formation.



Orbit Distribution
@ ~ 450 pc

Detection Methods

Visual companions
seeing limit ~0.5" ... 1"

Spectroscopic companions
mostly P_,. <1 yr




Orbit Distribution Detection Methods

@ ~ 450 pc

Visual companions
seeing limit ~0.5" ... 1"

Spectroscopic companions
mostly P_,. <1 yr

Speckle | Adaptive Optics

diffraction limjt = 0.04"
(for A=1.2 ym, D =6 m)




Orbit Distribution Detection Methods

@ ~ 450 pc - -
Visual companions

seeing limit ~0.5" ... 1"

Spectroscopic companions

mostly P_.. <1 yr

orbit

Speckle | Adaptive Optics

diffraction limjt = 0.04"
(forA=1.2 ym, D = 6 m)

Long-baseline Interferometry

A/ B =0.002"
(for A= 1.6 pm, B = 200 m)

15% 30%




Multiplicity in the Orion Trapezium (Preibisch et al. 2001; Schertl et al. 2003

Weigelt et al. 1999; Kraus et al. 2009)

B4 Bispectrum-Speckle Interferometry
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Long-baseline Interferometry: Differential visibilities of binary systems

Model binary with p =19 mas and P.A. = 241 deg
observed with 3 telescopes in spectral channels from 1.4 ym to 2.4 um
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Binary star 6% C Ori
effective resolution ~ 2 mas



Multiplicity statistics

Multiplicity as a function of spectral type (stellar mass)

1.5 known companions ' 0.6 known companions Low mass ONC stars:
per primary star per primary star ~ 0.6 companions

Low mass field stars:
~ 0.6 companions

spectral type of primary

These numbers are strict lower limits
— high multiplicity of massive stars



Degree of multiplicity as a function of stellar mass

57 % 38 % 4 % 1%
<25% >25% > 38 % > 12 % Massive
(=8 M@)
ONC stars
solar-mass
field stars

Duquennoy & Mayor
1991, AA 248,485

single binary triple > quadruplet

Massive stars are preferentially in higher-order multiple systems

Fundamental differences between high- and low-mass stars




Multiplicity of the B-stars in Upper Scorpius
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ABER time for 14 stars grante'd in P85 but only 5 éctually'dbs-er\'/ed




Detection of a new quadruple system:

-

oo HR'6027 = v Sco A (B2 1V)
i DM M, =8.32 M

oD o S SRt P=5.3d
« ... - .+ AO companion

"-L'_t___;-_ a=188 AU, M, =5.47 M _

(Kouwenhoven + 2007 AA 474,77)

3 St © +80 mas (12 AU) companion
el seni s detected with AMBER

i .. - *+41" (6000 AU) companion
% . HR 6026 (B8V +B9V)
6000 AU




Part 2: Properties derived from binary orbits

FOTAMONICS
H

0’ Orionis C
high-eccentricity
binary system orbit
Kraus et al. 2009

2001.2 Fi

' C Ori
Orbit:

P= 1126+ 0.5 yrs
a= 43.6 mas = 18 AU

e = 0.592 +0.07

+ radial velocity curve &
B,V,J,H,K mag. difference:

M, = 39.5 M_
M,= 7.5 M_

(~B3 star @ MS)




Where is the Orion Nebula Cluster ?
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Muench; Getman,
illenbrand, Preibisch
2008, Handbook of Star
qumllng |$eg]|0n?, pl] 48? 1 J 1 1 1 1 1 1 1 J 1
1920 1940 1960 1980 2000
year of publication

Sandstrom et al. 2007:

1 radio star
389 £+ 20 pc

/distance in pc

Until recently:
“Canonical” distance

- age ~ 1 Myr

Jeffries 2007:
34 stars, rotation

392 + 32 pc

Mayne & Naylor 2008:
19 stars, MS-fitting

391 £ 10 pc

. ONC is 3 Myr old ??7?



Where is the Orion Nebula Cluster ?

8' C Ori orbital parallax:
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Menten et al. 2007:
gl Trigonometric parallax of
SLEl 4 radio stars (incl. 8 A Ori)

Muench; Getman,
7.5 illenbrand, Preibisch 414 T 7 pC
2008, Handbook of Star

o

cdistance modulus
stan

Fqming Reglong. p483 | |, . . 1 . 1, |

Stassun et al. 2004

1920 1940 ]'I 960 1980 2 D[?J'["JI
year of publication Ec||ps|ng binary (V1174 On)
419 £ 21 pc (8.11)

Our results strongly support a ONC distance of = 420 pc




Slad ~ The Orion Nebula Cluster
ABpe i S g e & o IS part of the Ori OB 1 association.

S Bedis 0 The ~4-6 Myr old subgroup
e 1a - Ori OB 1c lies directly in front

~ (Brown et al. 1994, A&A 289, 101)

Orion- Meb. W42, W43, NGC1981, NGC1977, sic (&) Peter Wieneroithar hitp:thomepage univie. ac. abipud



Schematic side view of the ONC region

http://www.spacetelescope.org/videos/astro_bo/

Contamination by

Ori OB 1C group members ) . : x A .
can bias distance estimates * "
for the ONC * *
towards too small values. Direction to Sun* "
-
X * * ) X
* * *
6’ C Ori is surely a genuine "
ONC member. * x R
" 89%Bpc . 4. 420pc .
Therefore, the orbital parallax ok Mottoscale v RS-
obviously measures the Ori OB 1C: (D) =395 pc -_,_._-*. o .
distance to the ONC, AD=+20pc B L~

unaffected by any foreground contamination.

Distance of the ONC =420 pc
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