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Why radio?

Why radio?

H� UV mm + radio

1.0 1.5 10 100 R�

thermal radio emission = free-free
� / � 2: sensitive to structure

� / � 2: scanning the wind
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Surveys

Radio surveys

� radio-interferometers (VLA, ATCA)

� 2, 3.6, 6 cm (7 mm, 20 cm)

� ab out 120 O and early B sta rs observed

� ab out 40 detected

� mostly sup ergiants

� 
ux: S� = 0.3 - 10 mJy
(1 mJy = 10 � 29 W m � 2 Hz � 1 = 10 � 26 erg cm � 2 Hz � 1)

Bieging et al. 1989, ApJ 340, 518

Leitherer et al. 1995, ApJ 450, 289

Contreras et al. 1996, ApJ 469, 329

Scuderi et al. 1998, A&A 332, 251

Benaglia et al. 2001, A&A 372, 952
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Surveys

Millimetre surveys

� Single-dish (IRAM-30 m, SEST)

� 1.2 -1.3 mm

� ab out 25 O and early B sta rs observed

� ab out 11 detected

� mostly sup ergiants

� 
ux: S� = 10 - 100 mJy

Leitherer & Rob ert 1991, ApJ 377, 629

Altenho� et al. 1994, A&A 281, 161
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Theo ry

Smo oth stella r wind
W right & Ba rlo w 1975, MNRAS 170, 41

Panagia & Felli 1975, A&A 39, 1
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Theo ry
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P Cyg

P Cygni (LBV)

0.1" =
180 AU =
500 R�

6 cm - MERLIN

Exter et al. 2002, MNRAS 333, 715
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� Ori

� Ori = HD 37128; B0 Ia

6 cm

Abb ott et al. 1980, ApJ 238, 196:

1.6 � 0.5 mJy

Scuderi et al. 1998, A&A 332, 251:

0.60 � 0.06 mJy
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� Ori

� Ori - 6 cm - light curve

Blomme et al. 2002, A&A 382, 921
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� Ori

S� /
g� ( T )

� 2=3

/
1

� 0:6

Radio observations of thermal and non-thermal OB sta rs



Clump ed mo del

Clump ed wind mo del

Abb ott et al. 1981, ApJ 250, 645

0 1

1

smo oth

f cl = 1

f cl =
< � 2 >

< � > 2
0 1

5 clump ed

f cl = 5

S� /
1

D 2

 
_M

v1

! 4=3 g� ( T )

� 2=3
f 2=3

cl

Radio observations of thermal and non-thermal OB sta rs



� Ori

Mo del with clumping

_M = 1:9 � 10 � 6M � =yr
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Radiative instabilit y mo dels

0

50

100

150

200

v di
sp

 (
km

/s
)

0

5

10

15

f cl

1 10 100
-1

-0.5

0

C
v 

lo
g 

r

r (R
*
)

0

50

100

150

200

v di
sp

 (
km

/s
)

0

5

10

15

f cl

1 10 100
-1

-0.5

0

C
v 

lo
g 

r

r (R
*
)

Runacres & Ow ocki 2002, A&A 381, 1015
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� Ori

Mo del with clumping, also in radio region

_M = 0:9 � 10 � 6M � =yr
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� Pup

� Pup = HD 66811; O4I(n)f

Blomme et al. 2003, in prep.
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� Pup

_M = 3:5 � 10 � 6M � =yr
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H � vs. radio _M

Compa rison radio and H� mass loss rates

radio H� ref

� Ori 1:9 � 10 � 6 2:4 � 10 � 6 Kudritzki et al. 1999
1:6 � 2:9 � 10 � 6 1:7 � 3:9 � 10 � 6 Lamers & Leitherer 1993

� Pup 3:5 � 10 � 6 5:9 � 10 � 6 Puls et al. 1996
1:7 � 3:4 � 10 � 6 2:3 � 5:4 � 10 � 6 Lamers & Leitherer 1993
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Non-thermal OB sta rs
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Non-thermal

Non-thermal OB sta rs

� 1/4 of distance-limited ( < 2.5 kp c) sample
of highly-luminous (log L/L � � 6:0) OB sta rs are non-thermal

� Identifying characteristics

{ spectral index < 0:6

{ high brightness temp erature

{ suspiciously high radio _M

{ variabilit y
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Sp ectral index

Spectral index
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Brightness temp erature

Brightness temp erature

S� = � � 2
�

2kTB
� 2

at 20 cm:

TB = 5:9 � 10 8 S� [mJy]

( � [mas]) 2
Phillips & Titus, 1990, ApJ 359, L15
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High _M

Suspiciously high _M
HD 93250; O3V((f ))

S3:6cm = 1:36 � 0:17 mJy

radio _M = 4 � 10 � 5M � =yr
H� _M = 3:5 � 10 � 6M � =yr

Leitherer et al. 1995, ApJ 450, 289
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V ariabilit y

Variabilit y
Cyg OB2 No. 5

Miralles et al. 1994, A&A 282, 547
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Non-thermal sta rs

name typ e ref

HD 93250 O3V((f )) 4
9 Sgr O4V 1,2
CD-47 � 4551 O5If 6
Cyg OB2 no. 9 O5f 1,2
HD 150136 O5I IIn(f ) 6
HD 168112 O5I II 2
HD 15558 O5I II+? 2
Cyg OB2 No. 8A O6Ib 2
Cyg OB2 no. 5 O6f+O7f 3
HD 124314 O6V(n)((f )) 6
HD 167971 O7.5f+O 2
� Ori A O9.5I I+B0.5I II 2
HD 190603 B1.5Ia 5

References:
1 Abb ott et al. 1984, ApJ 280, 671
2 Bieging et al. 1989, ApJ 340, 518
3 Persi et al. 1985, A&A 142, 263
4 Leitherer et al. 1995, ApJ 450, 289
5 Scuderi et al. 1998, A&A 332, 251
6 Benaglia et al. 2001, A&A 372, 952
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Synchrotron emission

Synchrotron emission
White 1985, ApJ 289, 698

Chen & White 1991, ApJ 366, 512; 1994, Ap&SS 221, 259

B e� Relativistic electrons,
spiralling in magnetic �eld

� B = 0.1 Gauss

� 50-150 MeV ! � = 2-20 cm

� fraction of relativistic electrons: 10 � 5
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Relativistic pa rticles

Fermi mechanism
Fermi 1949, Phys. Rev. 74, 1169

Bell 1978, MNRAS 182, 147
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Synchrotron mo del

Stella r wind mo del with synchrotron emission

� stella r + wind parameters

� distribution of relativistic electrons: r � � p� n

� co oling mechanisms (inverse Compton, Coulomb)

� magnetic �eld

� Razin e�ect

� free-free absorption + emission

� synchrotron emission from R� to Rmax
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Cyg OB2 No. 9
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Cyg OB2 No. 9
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Single sta r or bina ry?

9 Sgr = HD 164794; O4V

Rau w et al. 2002, A&A 394, 993

� non-thermal in radio

� non-thermal X-ra ys(?)

� optical spectrum radial velo cities di�erent from spectrum tak en
14 yr ago: possibly long-term spectroscopic bina ry?

� e.g. O4V + O8 bina ry with 45 yr perio d is compatible with:

{ radial velo cit y changes

{ non-detection by speckle observations

{ companion beyond R�
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Conclusions

Conclusions

� millimetre and radio observations cover region far away from the
sta r

� P Cyg: \clumps" directly visible

� � Ori and � Pup: amount and extent of structure

� non-thermal emitters: extent of sho cks

� t yp e of structure?

� non-thermals: bina ries or single sta rs?
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