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Background/Themes:

Significant technological advances in X-ray astronomy have driven discovery
over the last few decades.

New spectroscopy capabilities (post-1999) allow us to infer spatial information
on smaller scales than we can see in images.

| work at the intersection of observation and theory; it is a very fruitful place
to work.

The priorities at Swarthmore have allowed me to do careful work on the small
number of X-ray spectral datasets; and the work with students fosters a
careful, pedagogical approach that can lead to discoveries that might otherwise
be missed.

My research for nearly 20 years has focused on massive stars, their
X-ray emission, and their winds (the site of X-ray production).
From the basic question of how the X-rays are produced, | have
branched out to questions of wind structure and wind mass-loss
rates that the X-ray observations can address.



massive stars are usually hot & therefore blue
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nearest massive stars are ~1000 parsecs away

ith radius ~1000
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Whirlpool Galaxy, Hubble Space Telescope



Orion Nebula, Hubble Space Telescope



“O-type star” is the hottest stellar spectral classification
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0! Ori C:only O star here



Basic properties of O stars

mass ~ 50 Msun
luminosity ~ 106 Lgun
surface temperature ~ 45,000 K




Basic properties of O stars

mass ~ 50 Msun
luminosity ~ 108 Lun
surface temperature ~ 45,000 K







Blackbody spectra
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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



Basic properties of O stars

mass ~ 50 Msun sighificant momentum

luminosity ~ 108 Lun
surface temperature ~ 45,000 K

in the photospheric
radiation field



Strong, radiation-driven stellar winds are a
characteristic of massive stars

NGC 6888 Crescent Nebula - Tony Hallas
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explosive/eruptive mass loss

eta Carinae: Hubble Space Telescope



~|000 year-old core-collapse supernova remnant
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Crab Nebula, WIYN



Carina Nebula

massive, luminous stars drive the process

winds, eruptive mass loss, and supernovae all contribute
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Carina Nebula, Hubble Space Telescope



| study the steady mass-loss of young
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NGC 6888 Crescent Nebula - Tony Hallas



O star - source of wind bubble:
~| arc second instrumental resolution;
star’s angular size is 10* times smaller
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NGC 6888 Crescent Nebula - Tony Hallas



small spatial scales can be studied using
spectroscopy
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Ultraviolet spectrum showing wind feature from C*3
C Pup (O4 supergiant): M ~ few 10 Msun/yr

UV spectrum: C IV 1548, I551 A
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Spectral lines:

absorption line when translucent gas is between you
and a hotter, opaque source of continuum photons

emission line when hot gas is seen against a cold
background



absorption and emission: atomic energy level diagrams
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Ultraviolet spectrum showing wind feature from C*3
C Pup (O4 supergiant): M ~ few 10 Msun/yr

UV spectrum: C IV 1548, I551 A
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Wind mass-loss rates (M) can be inferred from
the strength of the absorption component

STELLAR WIND OF { PUPPIS

but, more reliable are
recombination emission

lines such as HX
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O stars are strong sources of X-ray emission

thermal emission from hot (T > 106 K) plasma

HD 93129A (O2 supergiant)

X-rays

oy
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Tr 14 in Carina; Chandra

optical/IR



HD 93129A is the brightest X-ray source in this cluster

red < | keV, green | - 2 keV, blue > 2 keV

Tr 14 in Carina: Chandra



X-ray emitting plasma is embedded in the wind

intrinsic instability of radiative driving, Line Deshadowing Instability
(LDI), leads to shock-heating of the wind
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snapshot from the hydro simulation
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Vshock ~ 300 km/s : T ~ 10¢
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Less than |7% of the mass of the wind is emitting X-rays
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Wind is clumpy
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2-D radiation-hydro simulations
clumps break up to the grid scale
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X-ray spectroscopy confirms the general scenario
embedded wind shocks (EVVS)

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

response to photons with

- hv ~ 0.5 keV up to a few
CHANDRA keV (corresp. ~5A to 24A)

X-RAY OBSERVATORY

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



X-ray emission process

thermal emission from collisional plasma
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X-ray spectroscopy confirms the general scenario

embedded wind shocks (EVVS)
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C Pup (04 If)

0.15

0.10 j \4\ JWM f’\m

05 |

00 m‘h\«hwk “HI‘MNMM"WW MM%MWMMMWJ NJL L
12 13 14 15

Wavelength (A)

0

Count Rate (counts s A™YH

P —
o W

|
o

|

w2
2
—
=
=
o
S

S’
)
—
<

a2
—
=
=
o

QO

8(5) ﬁw-w»ﬁ.,wi wﬁﬂmewf M»ﬂﬂm J U\\J LIMRMM WJ WJ&M
13

12 . 14 15
Wavelength (A)

Capella (G5 lll)




C Pup (04 If)

\ ~2000 km/s
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A careful look at the individual emission lines

characteristic asymmetry

blue-shifted peak
& skewness
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A careful look at the individual emission lines
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How can this be
explained in the
context of embedded

wind shocks (EWVS)!?
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We need a model that...

captures the basic physical properties of
the hydro simulations of the LDI

but is simple enough to parameterize and
fit to data

height ('R, - 1)
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LLine Asymmetry

2 representative points in
the wind that emit X-rays

~10 -3 5 10



LLine Asymmetry

2 representative points in

/ the wind that emit X-rays

absorption along the ray

!

-10 -3 5 10



Line Asymmetry

2 representative points in

/ the wind that emit X-rays

absorption along the ray g

W extra absorption for
‘redshifted photons from
. the rear hemisphere
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Wind Profile Model

Increasing 7.

v

A=>



Line profile shapes

key parameters: Ro & Tx

J ~ p? for R.>R,,

=0 otherwise




MOCIEI iS ﬁt tO C PUPZ Chandra

N
2%
T
s
e
R
=
-
O
2
L
—
5~
a4
+—
=
-
o
O

14.90 14.95 15.00 15.05 15.10 15.15
Wavelength (A)




Hot plasma kinematics and location

Ro controls the line width via v(r)

Ro=|.5R* Ro=3R*




Distribution of R, values for C Pup

15
Wavelength (A)




Voo Can be constrained by the line fitting too
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X-ray plasma and mean wind have same kinematics
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The profiles also tell us about the level of
wind absorption



Wind Profile Model

Increasing 7.

v

A=>



MOCIEI iS ﬁt tO C PUPZ Chandra
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Quantifying the wind optical depth

opacity of the cold wind
component (due to bound-free
transitions in C, N, O, Ne, Fe)

wind mass-loss rate

wind terminal

stellar radius )
velocity
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C Pup Chandra: three emission lines

Mg Lyo: 8.42 A Ne Lyo: 12.13 A O Lyc: 18.97 A

Recall:
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Fits to |6 lines in the Chandra spectrum of C Puf
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Fits to |6 lines in the Chandra spectrum of C Puf
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Fits to |6 lines in the Chandra spectrum of C Puf
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M becomes the free parameter of
the fit to the T«(A) trend
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M becomes the free parameter of
the fit to the T«(A) trend

g .
& )

o
=
>

b
Q
[y

S

15
Wavelength (A)




Traditional mass-loss rate:
8.3 X 106 M, /yr
-From H,, ignoring clumping

sun

Our best fit:
3.5 X 106 M, [yr |

sun
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Preliminary Conclusions

|. Doppler-broadened line profiles tell us the
kinematics of the shock-heated wind plasma

2. Line profile asymmetry tells us about the wind
absorption; joint analysis of an ensemble of lines
tells us the mass-loss rate of the wind



Preliminary Conclusions

|. Doppler-broadened line profiles tell us the
kinematics of the shock-heated wind plasma

consistent with hydro simulation predictions

2. Line profile asymmetry tells us about the wind
absorption; joint analysis of an ensemble of lines
tells us the mass-loss rate of the wind
mass-loss rate factor ~3 lower than
traditional value from HX diagnostics
(but consistent with new determinations that
account for wind clumping)



2-D radiation-hydro simulations
clumping
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X-ray line profile based mass-loss rate:
implications for clumping

basic definition: fo = <p?>/<p>2

ignoring clumping will
cause you to
overestimate the
mass-loss rate

clumping factor



ignoring clumping will cause you to
overestimate the mass-loss rate
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X-ray line profile based mass-loss rate:
implications for clumping

basic definition: fo = <p*>/<p>2
clumping factor

from (column) density
diagnostic like T« from

from density-squared X-ray profiles

diagnostics like HX, IR
& radio free-free



C Pup mass-loss rate < 4.2 x 10¢ M

lyr

sun

Bright OB stars in the Galaxy

lll. Constraints on the radial stratification of the clumping factor in hot star
winds from a combined H,, IR and radio analysis*
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Abstract. Recent results strongly challenge the canonical picture of massive star winds: various evidence indicates that cur-
rently accepted mass-loss rates, M, may need to be revised downwards, by factors extending to one magnitude or even more.
This 15 because the most commonly used mass-loss diagnostics are affected by “clumping™ (small-scale density inhomo-
geneities), influencing our interpretation of observed spectra and fluxes.

Such downward revisions would have dramatic consequences for the evolutnon of, and feedback from, massive stars, and thus
robust determunations of the clumping properties and mass-loss rates are urgently needed. We present a first attempt concerning
this objective, by means of constraining the radial stratification of the so-called clumping factor.

To this end, we have analyzed a sample of 19 Galactic O-type supergiants/giants, by combining our own and archaval data for
H,, IR, mm and radio fluxes, and using approximate methods, calibrated to more sophisticated models. Clumping has been
included into our analysis 1n the “conventional™ way, by assuming the inter-clump matter to be void. Because (almost) all our
diagnostics depends on the square of density, we cannot denive absolute clumping factors, but only factors normalized to a
certamn mimmum.

This mimmum was usually found to be located 1n the outermost, radio-emutting region, 1.€., the radio mass-loss rates are the
lowest ones, compared to M derived from H, and the IR. The radio rates agree well with those predicted by theory, but are only
upper limits, due to unknown clumping in the outer wind. H, turned out to be a useful tool to derive the clumping properties
mside r < 3.. .5 R,. Our most important result concerns a (physical) difference between denser and thuinner winds: for denser
winds, the innermost region 1s more strongly clumped than the outermost one (with a normalized clumping factor of 4.1 + 1.4),
whereas thinner winds have similar clumping properties in the inner and outer regions.

Our findings are compared with theoretical predictions, and the implications are discussed in detail, by assuming different
scenarios regarding the still unknown clumping properties of the outer wind.




trade-off/degeneracy between clumping factor and
mass-loss rate

Mcl = Msmooth/ f(':IO.S

Puls et al. (2006) : relative clumping (vs. radius), but
free scale factor

C Pup mass-loss rate < 4.2 x 10¢ M, /yr

X-ray mass-loss rate breaks degeneracy
and sets the scale factor



C Pup: radially varying clumping

for M =3.5X 104 My/yr  fa=13 @r<I.12R+ Ha
fa=6.0 @ 1.12<r< 1.5 R+ Hx

fa = <p?>/<p>72 fu=37 @ 1.5<r<2R«

o 5 o 05 fcl 2.6 @2<r<|5R
Mcl = Msmooth/ fcl f;l = |.3 @ r> |5 Rx radio

radio




base of the wind (r < 1.5 R,)

is clumped - L, fa=13 @r<1.12R+x Hx
..but... fa=60 @ .12 <r<[.5 R« HX
fi=37 @15<r<2R« Ha

\ fa=26 @2<r<I5R« [R

C |.3 > |5 R« di
recall: X-ray R, = 1.5 R, B=13 @ radle

wind clumping starts very

close to the star’s surface,
but the X-ray emission

doesn’t “‘turn on’”’ until ~0.5

15 '
Wavelength (A) stellar radii above the surface




Other Stars!?
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Strong stellar wind: traditional diagnostics

HD 93129A CIV )
M =2 X 10> Msnlyr
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Fig. 13. Observed Ha profile (solid) compared with the calculation
assuming a mass loss of 18 10™° M /yr (dashed). Note that the blue
narrow emission peak originates from the H [l-region emission.




HD 93 129A: strongest wind measured
in an O star

M =2 X 105 Munlyr

assuming a smooth wind
#

‘906480 6500 6520 6540 6560 6580 6600 6620 6640
Wavelength

' i.e. no clumping

Fig. 13. Observed Har profile (solid) compared with the calculation
assuming a mass loss of 18 x 10™° Mg /yr (dashed). Note that the blue
narrow emission peak originates from the H Il-region emission.

Taresch et al. (1997)




HD 93129A Mg XllI Lyman-alpha
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Ro = onset radius of X-ray emission
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HD 93129A T+ from five emission lines
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Lower mass-loss rate: consistent with Hx?



Lower mass-loss rate: consistent with Hx?

Yes! With clumping factor of fo = |2
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Conclusions

|. Embedded Wind Shock scenario - inspired
by hydro simulations of the LDI - is consistent
with X-ray emission properties

2. Clumping factors of order |10 are consistent
with optical and X-ray diagnostics

3. Clumping starts at the base of the wind,
lower than the onset of X-ray emission

4. Mass-loss rates are lowered by roughly a
factor of three

X-ray line profile spectroscopy is a good, clumping-
independent mass-loss rate estimator
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Nucleosynthesis

proton-proton chain

source of energy in the Sun
4 Hto | He

nuclear binding energy is ~10’
times higher than chemical
(electron) binding energy

tens of MeV per reaction




Nucleosynthesis

CNO cycle

source of energy in massive stars

also 4 H to | He
but C, N, and O are catalysts




massive stars: hotter cores: nucleosynthesis

NUCIeOSyntheSIS of heavier elements

late in their lives,
no more H, so

fusion of 3 He to
C;:C+HetoO..

Hed Giant Star




