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The most massive stars are also the most luminous



Basic properties of massive stars - O stars

mass ~ 50 Msun

luminosity ~ 106 Lsun 
surface temperature ~ 45,000 K ~ 8 Tsun

 zeta Ori :  
the brightest O 
star in the sky

(Watts of radiated power)

recall, spectral type sequence: OBAFGKM



O stars are found in star formation regions

The Orion 
Nebula is 

illuminated by 
an O star

because their own lives are so short



Sun and full Moon - factor of a million (106) in brightness



These luminous, massive stars are cosmic beacons

Whirlpool Galaxy, M51 (Hubble Space Telescope)



The Whirlpool in X-rays

Whirlpool Galaxy, M51 (Chandra X-ray Telescope)



X-ray binaries

artists’ renderings

giant star accretes mass onto a 
neutron star or black hole



Tarantula Nebula in the LMC

http://apod.nasa.gov/apod/ap160226.html - Tarantula Nebula (Hubble Space Telescope)

http://apod.nasa.gov/apod/ap160226.html


R136 in Tarantula

http://apod.nasa.gov/apod/ap160124.html - R136 (Hubble Space Telescope)

http://apod.nasa.gov/apod/ap160124.html


the Orion Nebula



theta-1 Ori C



The Orion Nebula in the Infrared



Orion Nebula and the Horsehead Nebula



Deep image of Orion: lots of gas and star formation



O Stars are characterized by their dense stellar winds

Prodigious matter, momentum, and kinetic energy input into the 
cluster environment via these winds

Carina (Hubble Space Telescope)



NGC 6888 Crescent Nebula - Tony Hallas

wind-blown bubble around a massive star



What drives these winds? 

Radiation Force, the momentum in starlight



Massive stars’ lives

formation, evolution, death



Star formation simulation

M. Krumholz (Science, 2009)



The energy generated by accretion 
pushes away the accreting gas

Massive star formation is difficult



gas velocity (left) and net forces (right)

M. Krumholz (Science, 2009)



Life/evolution of a massive star
Blue stars in middle age becomes red supergiants in old age

Betelgeuse 



Life/evolution of a massive star
then they lose more mass, and become blue again

eta Carina



Title

http://apod.nasa.gov/apod/ap080617.html - eta Carina (Hubble Space Telescope)

http://apod.nasa.gov/apod/ap080617.html


Life/evolution of a massive star
nucleosynthesis



H to He fusion in low mass stars
via the proton-proton chain



Massive stars fuse H to He via the CNO cycle



massive stars fuse elements all the way up to iron



Death of a massive star

http://apod.nasa.gov/apod/ap150816.html - Crab Nebula (Hubble Space Telescope)

http://apod.nasa.gov/apod/ap150816.html


The expanding Crab

http://apod.nasa.gov/apod/ap011227.html - Crab Nebula (A. Block, NOAO)



The expanding Crab
https://vimeo.com/71117055

http://apod.nasa.gov/apod/ap130905.html - Crab Nebula (A. Block, Mt. Lemmon)

https://vimeo.com/71117055


The remnant is a pulsar

http://apod.nasa.gov/apod/ap030904.html - Crab Pulsar (J. Hester, Chandra X-ray Telescope; 
Hubble Space Telescope)



Cas A

http://apod.nasa.gov/apod/ap020824.html - Cas A (J. Hughes, Chandra X-ray Telescope)

http://apod.nasa.gov/apod/ap020824.html


Vela Supernova Remnant (11,000 years old)

http://apod.nasa.gov/apod/ap150101.html - Vela (W. Leitner, CEDIC)

http://apod.nasa.gov/apod/ap150101.html


This gas fades into the interstellar medium…

…enriched with heavy elements and ready to form a new 
generation of stars 



X-ray studies of Massive Stars



Star’s surface emission is basically blackbody

above T ~ 10,000 K
most of a star’s 

emission is in the UV

O stars are even more 
extreme: T > 30,000 K

even so, no X-ray 
emission from the 

photospheres 
(surfaces) of even the 

hottest stars



The Sun’s X-ray emission is associated with its magnetic 
dynamo (rotation + convection are key ingredients)

rotation convection

sunspots rotate across our 
field of view in a few days area roughly the size of the Earth



NASA: TRACE

The Sun in the extreme ultraviolet



Massive stars don’t have convective surfaces

And they don’t have magnetic fields (with a few 
notable exceptions)

X-ray Astronomy was born in the 1960-70’s

state of knowledge in the mid-70s:

F. Granato (ESA/Hubble) - ESA/Hubble

Einstein X-ray Observatory launched 1978



unexpected discovery of massive star X-ray 
emission in 1979



Massive star X-ray emission is different from low-
mass stellar X-ray emission

No observed correlation 
between rotation and X-rays for 

the massive stars

low mass high mass

rotation rotation
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Chandra launched in 1999 -  
first high-resolution X-ray spectrograph

response to photons with 
hν ~ 0.5 keV up to a few 

keV (corresp. ~5Å to 24Å)

X-ray imaging?    > 0.5 arc sec, at best (100s of AU)
spectroscopy (λ/Δλ < 1000 corresp.  v > 300 km/s)



Carina: ESO

Tr 14 in Carina: Chandra 

HD 93129A (O2)

The Carina Complex 
X-ray image to the left



Shock Waves

http://apod.nasa.gov/apod/ap030504.html  (John Gay)

http://apod.nasa.gov/apod/ap030504.html


Numerical models of an O star wind
intrinsic instability of radiative driving, Line Deshadowing Instability 

(LDI), leads to shock-heating of the wind

temperature

velocity

density

distance from the center of the star

temperaturetemperature

1.5 R★ 5 R★

http://astro.swarthmore.edu/~cohen/projects/ldi/ifrc3_abbott0.65_xkovbc350._xmbko1.e-2_epsabs-1.e-20.gifmovie available at:

http://astro.swarthmore.edu/~cohen/projects/ldi/ifrc3_abbott0.65_xkovbc350._xmbko1.e-2_epsabs-1.e-20.gif


shocked wind plasma is decelerated back down to the local wind velocity

Vshock ~ 300 km/s :  T ~ 106 K



Chandra grating spectroscopy

ζ Pup (O4 If)



ζ Pup (O4 If)

Capella (G5 III)

Chandra grating (HETGS/MEG) spectra

Mg XIMg XII

Ne X Ne IX



ζ Pup (O4 If)

Capella (G5 III)

elemental abundances can also be 
determined

oxygen nitrogen



Capella (G5 III)

ζ Pup (O4 If)
Zoom in

Ne X Ne IX Fe XVII



consider the Doppler shift



Capella (G5 III)

ζ Pup (O4 If)
Zoom in

Ne X Ne IX Fe XVII

~2000 km/s

(unresolved)



Capella (G5 III)

ζ Pup (O4 If)
Ne X Ne IX Fe XVII

~2000 km/s

(unresolved)

conclusive evidence that the X-ray plasma is in the stellar wind



Conclusions

•Massive stars dominate the energetics 
of the Galaxy and produce heavy 
elements 

•Their radiation-driven stellar winds 
cycle those elements back into the 
Galaxy

•And their winds are the source of 
their X-ray emission



Open House at the Peter van de Kamp Observatory - 2nd Tuesday 
of each month


