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Storyboard
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e |Introduction to massive stars

e Their role in the Universe & in astrophysics
 Open questions

* Massive star formation
« The SMaSH+ survey (a PIONIER large program)

e Massive star evolution

» Towards accurate mass determination
e Colliding wind binaries

L]
Jan 13 2014 PIONIER meeting -- Grenoble




Jan 13 2014

Luminosity (L )

)
2]
1

T

1072 —

1074

Hertszsprung-Russell diagrar

edi il 2a UERSS

106 Blue Giants Red Supergiants
ﬁ./“.\\, /
\
n __.,//I
- @
T 7
] '_\ _‘] A AR
—~ () .
{ \ - . 4
| ’ oK X
® o :
@ o O Red Giants .
. ©
Main Sequence
O,
()
' Main Sequence
1 1 I 1 1
40,000 20,000 10,000 5,000 2,500

Temperature (K)

PIONIER meeting -- Grenoble




Luminosity (L )

Main Sequehce _

White Dwarfs

« Mass: 10...400(?) M _

e Supernovae
 Neutron stars/Black holes

|+ Temperature: 20...50kK
__ |+ Luminosity: 10%...10°L__
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Main Sequence

Luminosity (L)
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Mass: 10...400(?) M

e Supernovae
 Neutron stars/Black holes

e Temperature: 20...50kK
|« Luminosity: 10%4...10° L

White Dwarfs

e
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Sun
e Lifetime: 2.:.20Myr
* Initial-massfunction:
1 x100Mg,,><30,000 x 1My

Temperatgre (i)
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e Strong ionizing flux  * Large radiation and « Malin source
momentum input of heavy elements
First stars Energy Chemistry

- The Periodic Table
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... COSMIC ENGINES
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Massive stars matter in the Universe

(.7 FrPes

Star formation

So bright that ...
e Populations of massive stars
« SN and GRBs

... can be seen throuhout the Universe

... COSMIC CANDLES
PIONIER meeting - Grenobley ‘~ ., -... m




i . w

Progenitors of

* Neutron stars

 Black holes

* Double compact objects
NS+NS / NS+BH / BH+BH

Potential source of
» Gravitational wave
» Several 10s to 1000s of events

per year? (2016-2018)

EXTREI\/IE PHYSICS
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How massive stars form is a mystery

L4 v
 Complex problem

* Time/space scales

e Observational
challenges

 Theoretical challenges

» Accretion rate
* Luminosity barrier
* Angular momentum
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Massive star evolution

Traditional view sy T

Supernova

as single star - o
Main . adl
Sequence " h 1

Protostar Supernova

Remnant

& 'Recycling N':"-E"-;tmﬁ""‘ .
ar

e Mass & mass-loss

« Metallicity

Key parameters |» Rotation rate
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A high fraction of close binaries

/4 w

Most massive stars are born
as part of a
close binary system

— Fundamental aspect of formation

e Sana+ 2012

" . ‘ \ .
| ——




A high fraction of close binaries

L

Most massive stars are born
as part of a
close binary system

— Fundamental aspect of formation

Almost all massive stars
Interact with a companion

—» Fundamental aspect of evolution

e Sana+ 2012
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Binary interaction
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Binary interaction dominates
the evolution of massive stars
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effectively

%single
~29%
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¥ envelope
stripping

Sana+ 2012, Science
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Binary interaction

L4 w

Binary interaction dominates
the evolution of massive stars

Final fate

e Lifetime
« Evolutionary path
 Final explosions

Population properties

« Age

e Colour & ionizing flux
 Mass function

« Rotation rates

Jan 13 2014

effectively

%single
~29%

¥ envelope
stripping

S lion & ~~---"
spin up or CE

Sana+ 2012, Science




Open guestions

Massive star formation ‘

Massive star evolution ‘

| Final stages
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Open guestions

o TR
Massive star formation ‘ Main sequence
Wolt-Rayet | Massive star evolution ‘ Overshooting
clumping | Final stages
LBVs Magnetic fields

Wind acceleration Absolute masses

Rotation

——
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Mass-loss rates

Metallicity RSGs Binary interaction Line blanketing
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Rare and/or
spectacular objects
o

Extreme physics /
Rapid evolutionary phase

Detailed studies of
normal objects

>

Accurate parameters

Entire
populations
>

Statistical
properties
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Galactic O-type binaries

L4 w

« Mason et al. 2009 (~400 O stars)
5500 SB; 43% VB --> 75% have SB or VB companion

e« Sanaetal. 2012: 56% SB --> 69% (bias corrected)
 Chini et al. 2012: 79% SB (before bias correction)

* The end product of massive star formation Is a
multiple system

==> Massive star formation theories can be tested by the
multiplicty properties of their end products

: y
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Observational technigues
UL e '
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[ Spectroscopic binaries
. MNew speckle/spectroscopic binanes

40 [[] Visual binary (Worley & Heintz 1983) | =

e . [] Other speckle binaries (est. period) .
E - [ ] Other visual binaries (est. period) .
= C ]
E 30 resolution range of the CHARA Array -
" - .
L N . . .
O : spectroscopic detection } ]
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The SMaSH+ Surve

y (189.C-0644):
Southern Massive Stars at High angular resoluti

77 | "7
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Long-base line interferometry
e 20 VLTI/PIONIER nights

Sparse Aperture Masking
e 13 VLT/NACO nights

Observational goals
 Binary/Multiplicity fraction
e Separation distributions
 Flux ratio distributions
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Krumholz+2009

Unexplored region of parameter space

e Probes separation ranges expected by
disk fragmentation theories

kratterotal o0 e First quantitative test of massive star formation
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Sample selection
e Galactic O star catalogue
*d<0°
*H<7.5
e Not Orion

Long-base line interferometry
107 O stars

Sparse Aperture Masking
e 165 O stars

10

-10

cAH<3.7

(5 pointings)

-0.0




The SMaSH+ survey

¢ PP L !

Sample selection Sparse Aperture Masking (NACO/SAM)

e Galactic O star catalogue
e DEC<0° &5 O

eH<75 , ” OQ-
 Not Orion

Fourier transform

* 30 < p <250 mas
*AH<5

Long-base line interferometry
« 107 O stars

Sparse Aperture Masking
165 O stars




The SMaSH+ survey
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: HD31971
Sample selection 319718

e Galactic O star catalogue
e DEC<0°

*H<7.5

e Not Orion

/"SB (2.4d)
F G

Dec (arcsec)

Long-base line interferometry
107 O stars

Sparse Aperture Masking NACO field of view
* 165 O stars




SMaSH+ : early results

246 companions detected |

Filters: H: red; Ks: blue; L': green
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SMaSH+ early results

Ny IR U
246 companions detected |
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SMaSH+: Early results
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Main sample with PIONIER and NACO/SAM observations
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SMaSH+: Early results
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Main sample with PIONIER and NACO/SAM observations
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SMaSH+: Early results

Main sample with PIONIER and NACO/SAM observations
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Cumulative distribution

sep < 25 mos
Ll ==-=-= 25 maos < sep < 250 mos
B osags 55 sep > 250 mas




sep < 25 mos
- === 23 mas < sep < 250 mos
o oHo—o0: sep > 250 mas

1.0

0.8

Kratter et al. 2010
0.6

Early trends
compatible with
disk fragmentation
through gravitational
Instabilities

Cumulative distribution
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Flux (mJy)

Non thermal radio emission
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Non thermal radio emission

4 - A . mk.

» 16 O-type NT radio emitters known ( 9 with 6 < 0°)

 1/3 have no indication of binarity despite intensive SB search
e De Becker 2007
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e« 16 O-type NT
radio emitters known
(9 with d < 0°)
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e« 16 O-type NT

radio emitters known 3

(9 with d < 0°) : 0608 X :
- 08.5—09.7 * ]
45 % o-l % =
- o Il P o g%
- O V-1V UED % ]
: ; . . : 3 = * Dx* o =
Wind-wind collision in : * SH 4
wide binaries asthe | 3 | 5 0 g ° ;
universal explanation 2F x o o 8 -
of the origin of non : } 5 O 0 &
thermal radio emission Fo Y, - I TR
1 : . | R
i < [S] o¥ CR

o) S 3 Eed € NI -3 gy

1 10 100

Quantitative work on the way ...

Separation [mas]

BN
\



SMaSH+ early results

L4 \ N

> 100 O-type stars observed: 246 companions

« 35% have a companion < 200 mas
e # of companions 10x @ p<100;3x @ p< 8’
 Multiplicity fraction of OV : F_  =100% < 100 mas

- F_ . decreases for O lll and O | (bias ?)

e Hints for different Amag - p
e All SB with P > 150d are resolved

e All non-thermal radio emitters are resolved




Binaries as laboratories

A B " N

» Eclipsing binaries provide direct measurements of
masses, radii & distance

e 25 masses with accuracy < 5% (Gies. 2011)

SB period distribution

p >2mas « 6 candidates with P > 130 d identified

* Proof of concept with AMBER + UTs

100 |

1 10 100 1000 10000
P (d)
eSana & Evans 2011

n » -

Cumulative distribution
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Binaries as laboratories

40 : ; : ;
New orbit solution (Docobo Algorithm) - LI .
New orbit solution (Grid SearchAIgorlgg?i — Comblnlng |nte rfe rometry and
20039 (Spb)
0 " spectroscopy can help !
20} .
Need of D > 1.5 kpc to find
ol "\ 2008 1 (POl . candidates
T .l L 30071 POy
E —2007.2 (NPOI)
Q
3 /50078 [T
0} 20080 (sp36)
X220, /5
20 1
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30 b 1
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o * Kraus+ 2009
10 0 10 20 30 -40
dRA [mas]

Jan 13 2014 PIONIER meeting -- Grenoble




A

Binaries as laboratories

Combining interferometry and
spectroscopy can help !

Need of D > 1.5 kpc to find
candidates

SB period distribution

p >2mas « 6 candidates with P > 130 d identified

 Proof of concept with AMBER + UTs

100 |

1 10 100 1000 10000
P (d)
eSana & Evans 2011
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PIONIER offers a new window of
Investigations for massive stars

 Fundamental parameters

* Wind physics

« SMaSH-+: Statistical multiplicity properties in an
uncharted range of separations

' ; . \ b -r
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Thanks to the PIONIER team
for a wonderful instrument

Thanks to the VLTI team for great support




Backup slides
for
nasty guestions
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1.0

WML

t/Tyue 05

Variety of pre-SN
evolutionary products

e Mass & mass-loss
« Metallicity

 Rotation rate

Jan 13 2014
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SMaSH+ sample

4 - A . mk.
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