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Peter van de Kamp
. | director, Sproul Observatory

Swarthmore College
(1937-1972)
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established 2009
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Physics & Astronomy @ Swarthmore College

24-inch (0.61 m) RCOS telescope: mostly
exoplanet transit photometry




exoplanet transit candidate: ~| mmag precision

KC11C034163, UTC 2014-08-29

Swarthmore 0.6m, i' filter, 20s observations
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nearly the same set-up as PvdK Observatory
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Van de Kamp
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Magnetism and Variability in O Stars

the look of a prophet

/ Magnetlsm and varlablllty |n O stal:s

: \ o ey M A .*Cassiopela f." T B S Perseus :

5 el ¢ s m2TE Y vy RS Tl o :\\‘.\ﬂ"' " =3
0.4 e ’ N A \ 2 X “
\ . ‘e 5 . s . N 3 o . }.\: . ) f\ ¥ . .:A "y g o l--
- . 3 :
rd . y

o Amsterdam
17 19 September 2014




Magnetism and Variability in O Stars

C v DAC...| think | see a
magnetic field
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Magnetism and Variability in O Stars

the mature scientist: ...now
we’ve measured it

Magnetlsm and varlablllty |n O stars
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L/Lsun = 10°4
Mdot ~ 5 X 107 Meu/yr

0! Ori Cis a young (< | Myr) O7 star

utline/overview:




O! Ori C: the
strongest X-ray
source in the

CHANDRA ’

X-RAY OBSERVATORY

cluster

.
Orion Nebula Cluster - Chandra
color-coded by X-ray hardness



B! Ori C is a magnetic O star prototype: :
tilted dipole, confined magnetosphere

Longitudinal field of 8' Ori C

0.4 0.6

Rotational phase

Figure 2. Longitudinal field estimates (filled circles) and error bars derived
from our five mean LSD Stokes profiles, as a function of rotational phase
(using the ephemeris of Stahl 1998). The full line depicts the least-squares

cosing ft 5 (bo Gata X-rays trace the dissipation of
I wind KE in the magnetosphere

Donati et al. 2002




Plasma heating from hydrodynamic shocks

wind kinetic energy converted to heat: T ~ 10° (Vshock/300 km/s)? K

high mass loss rate
small cooling length
faster wind

stronger shock
stronger, harder X-rays

low mass loss rate
large cooling length
slower wind

weaker shock
weaker, softer X-rays

ud-Doula et al. 2014



X-rays are optically thin line emission

“coronal” = collisional excitation followed by spontaneous emission
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relative line strengths are dependent on temperature and abundance, primarily




0! Ori C is a slow rotator, moderate confinement (N« ~ 20) =
DM (dynamical magnetosphere); no centrifugal support

confinement >

A e
0.11 10 10* 10® 10"

rotation (Kepler radius)

Petit et al. 2013



tilted dipole: oblique magnetic rotator




tilted dipole:
oblique magnetic rotator
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Goals: use multiwavelength diagnostics
and rotational modulation to probe the
physical properties of the
magnetosphere, the shock-physics, the
wind mass-loss rate...and constrain
numerical simulations



MHD simulations: 2-D, hemispherical slice

density temperature X-ray emission

Figure 4. Colour plots of log density (left) and log temperature (middle) for arbitrary snapshot of structure in the standard model with n, = 100 and no IC
cooling. The right-hand panel plots the proxy X-ray emission XEM7, (weighted by the radius r) from (26), on a linear scale for a threshold X-ray temperature
= 1.5 MK.
X

ud-Doula et al. 2014



3-D MHD simulation: log Temperature

M“"\\‘”"-A .

from A. ud-Doula




Orion Nebula s
Cluster - Chandra - - °

Ciidniory

Chandra grating spectroscopy

CHANDRA

X-RAY OBSERVATORY

A
0 B e i PR P N

Y ) | |
Wavelength (A)

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

(corresp. ~5A to 24A) "\

spectroscopy (R < 1000 corresp. >300 km/s) TS e

small effective area (poor sensitivity) T~ 12X 10°K
but very low background and very well calibrated for | keV



Line ratios as temperature indicators

/ is proportional to temperature
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Chandra spectra of prototype non-magnetic (zeta Pup, top) and magnetic (0' Ori C, bottom) stars



Line widths from gas kinematics

non-magnetic O stars: Viine ~ Vwind but MCWVS: Viine < Vwind

9 10
Wavelength (A)

9 10,
Wavelength (A)

Chandra spectra of prototype non-magnetic (zeta Pup, top) and magnetic (0' Ori C, bottom) stars



Overall level and hardness of X-ray emission

affected by:

amount of wind material fed into the
magnetosphere

efficiency of shock heating (duty cycle of
shock build up vs. fall-back/downflow)

specific kinetic energy: shock velocity
(pre-shock wind velocity)

from ud-Doula et al. 2014



traditional approach: spectral modeling

collisional-radiative equilibrium model (APEC): temperature and emission measure
are free parameters, along with line widths and (potentially) abundances

Data and Folded Model
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emission measure: traditional nhormalization
of X-ray emission spectra

EM = /nenH dV

a DEM, ¢(f‘), where

dVv

T)=n.npy—
o(7T) elH o




traditional approach: spectral modeling

Zzoom-=in: black = model; red, blue = data (two grating arrays on Chandra produce two
spectra, simultaneously)
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fit to Chandra spectrum

data - model agreement is quite good




Spectral modeling

best-fit model parameters: temperature distribution in the plasma, line widths, absorption
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(maybe a bit more than ISM)



Spectral modeling

temperature distribution

fit to Chandra spectrum SESE—

from the APEC spectral fit
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SPeCtraI mOdeling The overall amount of hot plasma produced in the MHD
simulations is in good agreement with the data (but a

factor of 3 too high); the temperature distribution

Emission Measure (EM) distribution P
is in good agreement, too.

APEC spectral fit
from 3-D MHD simulation
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rotationally modulated X-ray variability



X-ray light curve: phase coverage: new data (I | new pointings (N.
Schulz, Pl) to supplement 4 in Gagne et al. 2005)

HETG coverage

X-rays:
occultation
causes the

magneto-
spheric
eclipse
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Look at the most pole-on and most edge-on observations
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Spectral modeling: coadded 4 observations ea. pole-
on and edge-on

emission measure distributions
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Spectral modeling: coadded 4 observations ea. pole-
on and edge-on

emission measure distributions

consistent with occultation of hot plasma in edge-on phase
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Spectral modeling: coadded 4 observations ea. pole-
on and edge-on

emission measure distributions

consistent with occultation of hot plasma in edge-on phase
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warm plasma due to embedded
wind shocks in unconfined wind
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Spectral modeling: coadded 4 observations ea. pole-
on and edge-on

emission measure distributions

consistent'

Y

warm plasma due to embe
wind shocks in unconfined
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A different way to extract information from the X-
ray spectrum

DEM (temperature distribution) tells us about the heating and cooling’s combined effects
MCWS X-ray production physics and models are fundamentally about the heating

Because the cooling is primarily radiative, we can in some sense correct for it

THE ASTROPHYSICAL JOURNAL, 788:90 (21pp), 2014 June 10 doi: 10.1088/0004-637X/788/1/90

© 2014. The American Astronomical Socicty. All rights reserved. Printed in the USA

THERMAL X-RAY SPECTRAL TOOLS. I. PARAMETERIZING IMPULSIVE X-RAY
HEATING WITH A CUMULATIVE INITIAL TEMPERATURE (CIT) DISTRIBUTION

KENNETH G. GAYLEY
Department of Physics and Astronomy, University of lowa, lowa City, IA 52242, USA
Received 2014 January 26; accepted 2014 April 15; published 2014 May 27

ABSTRACT

In collisional ionization equilibrium, the X-ray spectrum from a plasma depends on the differential emission
measure (DEM), distributed over temperature. Due to the well-known ill conditioning problem, no precisely
resolved DEM can be inverted directly from the spectrum, so often only a gross parameterization of the DEM is

used to approximate the data, in hopes that the parameterization can provide useful model-independent constraints on
the heating process. However, ill conditioning also introduces ambiguity into the various different parameterizations
that could approximate the data, which may spoil the perceived advantages of model independence. Thus, this paper
instead suggests a single parameterization for both the heating mechanism and the X-ray sources, based on a model
of impulsive heating followed by radiative cooling. This approach is similar to a “cooling flow” approach but allows
injection at multiple initial temperatures and applies even when the steady state is a distribution of different shock
strengths, as for a standing shock with a range of obliquities, or for embedded stochastic shocks that are only steady
in a statistical sense. This produces an alternative parameterization for X-ray spectra that is especially streamlined
for higher density plasmas with efficient radiative cooling and minimal thermal conduction and mixing. The method
also provides some internal consistency checks on the validity of its assumptions. A heuristic general version is
then applied over a wide range of astrophysical applications to schematically explore potential alternative models
for these phenomena.

Key words: line: formation — methods: analytical - radiation mechanisms: thermal - techniques: spectroscopic —
X-rays: general

new paper: Gayley 2014



Measuring the shock-heating rate in the winds of O stars
using X-ray line spectra

David H. Cohen,'* Zequn Li,! Kenneth G. Gayley,? Stanley P. Owocki,*

Jon O. Sundqvist,** Véronique Petit,>> Maurice A. Leutenegger®’

! Swarthmore College, Department of Physics and Astronomy, Swarthmore, PA 19081, USA

2 University of lowa, Department of Physics and Astronomy, Iowa City, IA 52242, USA

3 University of Delaware, Bartol Research Institute, Newark, DE 19716, USA

4 Institut fiir Astronomie und Astrophysik der Universitdt Miinchen, Scheinerstr. 1, 81679 Miinchen, Germany
5 Florida Institute of Technology, Department of Physics and Space Sciences, Melbourne, FL 32901, USA

8 NASA/Goddard Space Flight Center, Code 662, Greenbelt, MD 20771, USA

TCRESST and University of Maryland, Baltimore County, Baltimore, MD 21250, USA

new paper applying the Gayley method to non-magnetic O stars with
embedded wind shocks: see today’s Massive Star News!
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Figure 2. The contribution of all emission lines (blue) to the total
radiated power (red), along with the contribution of continuum
processes (green).
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A different way to extract information from the X-
ray spectrum

Impulsively heated plasma in the magnetosphere cools radiatively, emitting photons in all
lines with characteristic temperatures equal to or less than the shock temperature

The spectral line luminosities naturally provide a cumulative distribution of shock
strengths

And the heating rate normalization is naturally expressed as a mass-loss rate times a
shock efficiency factor



Shock heating rate for each line vs. temperature
probed by the line

warm plasma
wind shocks in unconfined wind
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Np(T) derived from the Chandra spectrum -
fraction of wind that is shock-heated

Np(T) ~ 0.0l @ 20 or 30 MK

assumes Mdot = 5e-7 (~1/3)

must be corrected for fraction of the wind that’s confined (~1/2)

and corrected for the tilted surface field reduction in mass-flux

(~1/3)

comparison of the ADM and MHD simulations - duty cycle/efficiency
factor (~1/5)



Conclusions:

X-ray properties of 8! Ori C remarkably

consistent with MHD simulations & analytic
MCWS/ADM models

rotational modulation of X-rays consistent with
occultation in edge-on view but lowest-
temperature plasma component due to EWS in
polar wind

shock-heating rate measurement: efficiency
factor/duty cycle + mass-loss rate



Magnetism and Variability in O Stars

the prophet was right!
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Extra Slides
(answering audience questions)



Other magnetic O stars: HD 191612 (Of?!p)
X-ray luminosity almost as high as 8' Ori C

A HD108
6'0ri CA
A HD191612

39.5 40
log (Lgoy)

Figure 4. Diagram showing the X-ray luminosity (in erg s~') versus
bolometric luminosity (in erg s~!). The dashed line indicates the typi-
cal relation for O stars (from Sana et al. 2006); HD 108, HD 191612 and
@' Ori C all lic above it. Asterisks show the position of hot stars in
NGC 6231 (Sana et al. 2006) with three outliers: the two objects lying above
the line are CW binaries whereas the one lying below is a Wolf-Rayet

binary.

Naze et al., 2007, MNRAS, 375,145



Broadband X-ray spectra: HD 191612
spectrum softer than @' Ori C
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Nazeé et al., 2007, MNRAS, 375, 145




HD [91612: some very hot plasma
but mostly cooler (few 10° K)

HD191612: EPIC data from Rev. 1068
| I | II | 1 | I P ll 1

kT ~ 3 keV
(35 million K)
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Naze et al., 2007, MNRAS, 375, 145



X-ray light curve: focus on the stochastic, short-term variability

variability of < 10%
HETG coverage consistent with 3-D model:
' lateral structure
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3-D MHD simulation: what about absorption!?

optical depth - in ADM model

Analytic Dynamical Magnetosphere

it forr =, 03] {r, forr. =,

Figure 7. Spatial variation of optical depth for bound-free absorption of X-ray emission by both the cool downflow and wind outflow components of the ADM
model, as well as by occultation of the opaque star. The top row shows results for a distant observer to the right, with an equator-on view, while the bottom
row is for an observer at the top, with a pole-on view. The model assumes an apex smoothing length h = 0.1 K., and a terminal speed Voo = 3ve for a
corresponding unmagnetized wind. The left, middle and right columns show cases with a corresponding wind optical depth 7. = 0.1, 0.3 and 1.




Spectral signature of absorption in NGC |624-2
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