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What is the mechanism by which massive
stars produce x-rays?

New results from the Chandra X-ray Observatory - high-resolution x-ray
spectroscopy: measuring Doppler broadening in emission lines

Testing different theories of x-ray production with new observations

Modeling the underlying physics and comparing the results to the new data

The Chandra X-ray Observatory
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1. What you need to know:
a. X-rays from the Sun - magnetic activity, x-ray spectra
b. Hot stars
c. Radiation-driven winds and the Doppler shift

d. The holy grail of science: a measurement that can
discriminate between two contradictory theories

2. What we have observed/measured with the new
generation of high-resolution x-ray telescopes

3. Our empirical model and fits to the data

4. An answer...and more questions



X-rays are just photons - light

...but very, very blue light: 10 octaves
higher than visible light (which itself
spans only one octave from red to blue)



X-rays from the Sun

Remember - for thermal radiation - the frequency of
light (the energy of each photon) is proportional to the
temperature of the emitter:

Human body = 300 K = 10 microns, or 100,000 A

(infrared)
Sun, light bulb filament = 6000 K = 5000 A (
)
Hot star’s surface = 40,000 K = 750 A (far
ultraviolet)

Really hot plasma = 5,000,000 K = 6 A ( )

*don’t forget that thermal emitters give off photons with a range of wavelengths;
those listed above represent the peak of the distribution



The Sun is a strong source of x-rays
(102 of the total energy it emits)

It must have ~million degree gas (plasma) on it

This really hot gas is not on the Sun’s surface - it is above the
surface, in localized structures...the plasma in these structures
(coronal loops) is generally not moving (very much)



We can break light apart into its constituent colors:

Spectroscopy

And learn about the physical conditions in the light-
emitting object/substance:

Composition
Temperature
Density

Velocity relative to us



Spectra: continuum vs. line

Visible solar spectrum: continuum,
from surface
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This hot plasma is related to magnetic fields on the Sun:
confinement, spatial structure, conduits of energy flow, heating




More magnetic structures on the Sun:

x-ray image from TRACE




The magnetic dynamo requires convection +
rotation to regenerate the magnetic field

Note granulation, from convection,
like a boiling pot of water

Sunspots over several days



More granulation movies



Sinister-looking sunspot, with granulation visible around it




Sunspots are areas of strong magnetic fields (kG)

white light image of the Sun magnetogram (Zeeman splitting)




The x-rays are correlated with sunspots and
magnetic field strength

2003/11/14 01:00

magnetogram
Fe xv at 284 A



TRACE composite




OK, so the Sun emits x-rays associated with its
magnetic activity, related to convection and
rotation...

How are hot, massive stars different?
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Hot Stars

Stars range in (surface) temperature from about 3500 K to
50,000 K

Their temperatures correlate with mass and luminosity
(massive stars are hot and very bright): a 50,000 K star
has a million times the luminosity (power output in
Watts) of the Sun (T, = 6000 K)

sun
Stars hotter than about 8000 do not have convective
outer layers - no convection - no dynamo - no hot
corona...

...N0 X-rays ?
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Hot stars are much brighter than cool stars, and they give
off most of their energy in the ultraviolet

But they’re not nearly hot enough to emit any significant
amount of x-rays from their surfaces



Our Sun is a somewhat wimpy star...

C Puppis:

42,000 K vs. 6000 K
100 L,

50 M,




Optical image of the constellation Orion
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Note: many of the brightest stars are blue
(i.e. hot, also massive)




In 1979 the Einstein Observatory, made the surprising
discovery that many O stars (the hottest, most massive
stars) are strong x-ray sources
Chandra X-ray image of the Orion
0' Ori C: a 45,000 K star forming region
“O” star :

Note: X-rays don’t penetrate the Earth’s atmosphere, so x-ray telescopes must be in space



So, we’ve got a good scientific mystery: how do
massive stars make x-rays?

Could we have been wrong about the lack of a magnetic
dynamo - might massive star x-rays be similar to solar x-
rays?

Before we address this directly, we need to know about
one very important property of massive stars (that
might provide an alternate explanation for the x-rays)...
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Massive stars have very strong radiation-
driven stellar winds

What is a stellar wind?

It is the steady loss of
mass from the surface of a
star into interstellar space

The Sun has a wind (the
“solar wind”) but the
winds of hot stars can be
a billion times as strong
as the Sun’s

Hubble Space Telescope
image of » Car; an extreme
example of a hot star wind



How do we know these hot-star winds exist?

Spectroscopy! Doppler shifts change wavelengths of
lines in noticeable ways.

to
observer

blue wavelength red



Why do hot star winds exist?

The winds of hot, massive stars are very different in
nature from the solar wind

The solar wind is actually driven by the gas pressure
of the hot corona

But hot star winds are driven by radiation pressure

Remember, photons have momentum as well as

energy: p_E_hV_h
c ¢ A
And Newton tells us that a change in momentum
is a force:
dv dp

F=ma=m

dt  dt



So, if matter (an atom) absorbs light (a photon)
momentum is transferred to the matter

Light can force atoms to move!

The flux of light,
F (ergs s’ cm2)
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.\<—I’e, the radius of an electron,
giving a cross section, o ¢
(cm?)

ap _Fo _ Loy The rate at which momentum
dt ¢ 4mR’ is absorbed by the electron

L K By replacing the cross section of a
rad > single electron with the opacity (cm?
4 cR g1), the combined cross section of a

gram of plasma, we get the
acceleration due to radiation



The force of the incredibly strong (mostly UV)
radiation from the photosphere of these
massive stars, drives a massive outflow - a
radiation-driven stellar wind - from these stars.
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Important note: the photons are absorbed by the wind .
plasma via resonant scattering in spectral lines; and this stttz
process is inherently unstable.




Numerical modeling of the hydrodynamics of these radiation-
driven stellar winds show lots of structure: turbulence, shock
waves, collisions between “clouds”

This chaotic behavior is predicted to produce X-rays through
shock-heating of some small fraction of the wind.
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A snapshot at a single time from the same simulation. Note
the discontinuities in velocity. These are shock fronts,
compressing and heating the wind, producing x-rays.
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Executive summary: Radiation-driven flows are inherently

unstable; these flows are turbulent, and dissipate a lot of

energy, shock-heating some fraction of the wind plasma to
X-ray emitting temperatures.

The x-ray emitting plasma is moving with the stellar wind,
at hundreds or even thousands of km/sec - thus, the
emitted x-rays should be Doppler shifted



Even in these instability shock models, most of the
wind is cold and is a source of x-ray continuum opacity
- X-rays emitted by the shock-heated gas can be
absorbed by the cold gas in the rest of the wind

Keep this in mind, because it will allow us to learn
things about the physical properties of a shocked wind
via spectroscopy
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X-ray line widths/profiles can provide the
most direct observational constraints on the
Xx-ray production mechanism in hot stars

Wind-shocks : broad lines

Magnetic dynamo : narrow lines

The Doppler effect will make the x-ray emission
lines in the wind-shock scenario broad, compared
to the x-ray emission lines expected in the
coronal/dynamo (solar-like) scenario



So, this wind-shock model - based on the radiation-force
instability - is a plausible alternative to the idea that hot
star x-rays are produced by a magnetic dynamo

This basic conflict is easily resolved if we can measure the
x-ray spectrum of a hot star at high enough resolution...

In 1999 this became possible with the launch of the
Chandra X-ray Observatory
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Focus in on a characteristic portion of the spectrum
12 A 15 A

A cooler star:
coronal/dynamo
source
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Differences in the line shapes become apparent
when we look at a single line (here Ne X, Ly o)

Capella
(G2 III)

The x-ray emission
lines in the hot star ¢
Pup are broad -- the
wind shock scenario is
looking good!

But note, the line isn’t
just broad, it’s also
blueshifted and
asymmetric...



We can go beyond simply wind-shock vs.
coronal:

We can use the line profile shapes to learn
about the velocity distribution of the shock-
heated gas and even its spatial distribution
within the wind, as well as learning something
about the amount of cold wind absorption (and
thus the amount of cold wind).



What Line Profiles Can Tell Us

The wavelength of an emitted photon is proportional
to the line-of-sight velocity:

Line shape maps emission at each velocity/wavelength
interval

Continuum absorption by the cold stellar wind affects
the line shape

Correlation between line-of-sight velocity and absorption
optical depth will cause asymmetries in emission lines

The shapes of lines, if they’re broad, tells us about
the distribution and velocity of the hot plasma in
the wind -- maybe discriminate among specific
wind shock models/mechanisms
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Emission Profiles from a Spherically
Symmetric, Expanding Medium
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star removes red
photons, making the
profile asymmetric



Continuum Absorption Acts Like Occultation

Red photons are preferentially absorbed, making the line
asymmetric: The peak is shifted to the blue, and the red
wing becomes much less steep.



A wide variety of wind-
shock models can be
calculated

Line profiles
change in
characteristic ways
with = and R,
becoming broader
and more skewed
with increasing =
and broader and
more flat-topped
with increasing R,




The model has 4 parameters:

B:v(r)=(1-R,/r)’
R,.q:jcpr? for >R

& dz'
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In addition to the
wind-shock model,

our empirical line profile model can also describe a

corona With most of the

di emission

5} concentrated

near the

photosphere and

with very little

acceleration, the
resulting line

o —————— profiles are very

narrow.




We fit all the (8) unblended strong lines in the Chandra
spectrum of ¢ Pup: all the fits are statistically good

{ Puppis 12.13 A Ne X line and best-fit model

élz.laooA N e X
. 1213A]

lZPupp 17()54AF XV[[]J andb stf modl

Fe XVII
17.05 A |

g

7.00 17.05 17.10
‘Wavelength (A)

{ Puppis 15.013 A Fe XVII linc and best-fit model

{ Puppis 16.787 A Fe XVII linc and best-fit model
T T T T T T T T T T T T T

Oil‘.“l‘.“l‘s“‘\.“
14.90 14.95

15.00 15.05
Wavelength (A)

I

{ I

* Fe XVII

16.78 A |

19.0
‘Wavelength (A)

2478004

I |"" [l




We place uncertainties on the derived model
parameters

{ Puppis 18.97 A OVIII line and models lowest T« best T« hlghest Tx

e 12

Here we show the best-fit model to the O VIII line and two models that are
marginally (at the 95% limit) consistent with the data; they are the models
with the highest and lowest t . values possible.



Conclusions for normal, O
supergiants

Spherically symmetric, standard wind-shock
model fits the Chandra data for { Pup

But the level of continuum absorption in the wind
must be reduced from expected values by factors
of ~5 (clumping? Mass-loss rates overestimated?)
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Some of the other hot stars observed with Chandra show
broad, blueshifted, and asymmetric line profiles, similar
to those seen in ¢ Pup

But...some hot stars have x-ray spectra with quite
narrow lines, that are especially strong and high energy
- not consistent with line-force instability wind shocks

Capella

(G2 1)

01 Ori C is the young hot star at the center of the Orion nebula



Although there’s not good reason to think that these

young O stars have convection or magnetic dynamos,

they may have magnetic fields that remain from the

the collapsing interstellar clouds out of which they
formed

In fact, 0" Ori C itself has recently had a magnetic field
detected on it: A large scale dipole filed with a
strength of 1100 G (compare to 1 G for the Earth’s
field)

They also have strong line-driven winds, so one might
ask how does a wind behave in the presence of a large-
scale magnetic field?



We have done MHD simulations of winds +
dipole fields: the ionized winds flow along
the field lines, but if the wind energy is
large enough, it can change the field
morphology




This is a movie of density, evolving from an initial
spherically symmetric steady-state wind.
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Speed (again), but with low speeds emphasized
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So, a toroidal magnetosphere forms in which flows
from the northern and southern hemispheres meet in a
strong shock, producing a lot of very hot plasma that is
not moving very fast:

the resultant emission lines should be narrow but not
perfectly narrow




We thus synthesize line profiles for a range of viewing
angles

Here we show 0°, looking down the magnetic axis

Color contours are now line-of-sight velocity; and the black contours
enclose plasma with T > 106 K
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Other viewing angles show similarly

i

narrow lines




The geometry and viewing angle are relatively well
established for this star.

There is a 45° tilt
between the rotation
axis and both the
magnetic axis and the
direction of the Earth:
we see a full range of
viewing angles of the
magnetosphere, and
have Chandra phase = 0.00
observations for four of

them. -




Our MHD models fit the changes in x-ray brightness
with rotational phase very well

Overall X-ray flux e
synthesized from the
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snapshot. ol
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Summary of magnetically channeled wind
shock model applied to 6 Ori C

The x-ray emission lines of 6! Ori C are quite
narrow at all observed viewing angles -- as our
MHD simulations predict.

And occultation of the magnetosphere by the
star accounts nicely for the modest change in
x-ray flux with viewing angle.

Aditionally, certain line ratio diagnostics
provide independent evidence that the x-ray
emitting plasma is close to (but not right on)
the surface of the star; And the temperature
distribution of x-ray emitting plasma is well
reproduced by the MHD simulations.



Conclusions

» There is a variety of line profile morphologies seen in

Chandra observations of massive stars, indicating that a
surprising variety of high-energy physical processes are

occurring in early-type stars

eSupergiants with massive radiation-driven winds have X-
ray emitting plasma distributed throughout their winds:
Standard wind-shock models explain the data if the mean
optical depth of the cool wind component is several times
lower than expected (mass-loss rates overestimated?

clumping?)

«Young O and early B stars are well explained by the hybrid
magnetically channeled wind shock model

«Any time instrumentation improves significantly,
surprising discoveries will be made



