The Surprising X-ray Properties
of Tt Sco and HD 191612

David Cohen
Swarthmore College




Initial focus on the prototype
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Orion Nebula Cluster: Chandra




Chandra ~10° seconds, COUP (Penn. St.)

Color coding of x-ray energy: 1keV < E < 2.5keV, >2.5keV




Color coding of x-ray energy: 1keV < E < 2.5keV, >2.5ckeV

61 Ori C (07 V)
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Magnetic massive stars have distinct and universal X-ray
properties: High X-ray luminosities and high temperatures
due to channeling (strong shocks) and confinement (high

density, or efficiency)
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Magnetic massive stars have distinct and universal X-ray
properties: High X-ray luminosities and high temperatures
due to channeling (strong shocks) and confinement (high

density, or efficiency)
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Chandra HETGS

Count Rate (counts s A™)

10
Wavelength (A)

02 Ori C: hotter plasma, narrower emission lines
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C Pup (O4 I): cooler plasma, broad emission lines




H-like/f ratio is temperature sensitive
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Differential emission measure

(temperature distribution)
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Differential emission measure

(temperature distribution)
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MHD simulation of 6* Ori C reproduces the
observed differential emission measure




Dipole magnetic field (> 1 kG) |
measured on 02 Ori C [~ 45°, 5 ~ 45°
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MHD simulations of magnetically channeled wind

temperature emission measure
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simulations by A. ud-Doula; Gagné et al. (2005)

Channeled collision is close to head-on —
at 1000+ kms?: T =107+ K
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MHD simulation of 6* Ori C reproduces the
observed differential emission measure




*so we see a full range of viewing angles with respect to
the magnetic field over the course of a rotation period

phase = 0.00




Chandra broadband count rate vs. rotational phase
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Chandra broadband count rate vs. rotational phase

Eclipse depth depends on distance of X-
ray magnetosphere from the star
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Chandra broadband count rate vs. rotational phase

Eclipse depth depends on distance of X-
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Fic. 4.—Phase-folded light curves of #' Ori C. Top: Open circles indicate the
excess C v equivalent width (left axis) taken from Walborn & Nichols (1994) and
phased to the ephemeris of Stahl et al. (1996): period P = 15.422 days and epoch
MJID, = 48832.50. Maximum C 1v absorption occurs near phase 0.5 (o« = 3%)asa
result of outflowing plasma in the magnetic equatorial plane. Note that Walborn &
Nichols (1994) calculate ¥, by subtracting the JUE spectrum at a given phase from
the JUE spectrum with the shallowest line profile, then calculating the equivalent
width of the line in the difference spectrum. Filled circles show the longitudinal
magnetic field strength, B; (right axis), asmeasured by Donati et al. (2002) using the
same ephemeris. Note that Walborn & Nichols (1994) and Donati et al. (2002) used
different period estimates. The B; is maximum near phase 0.0 when the magnetic
pole is in the line of sight. Bottom: Ha equivalent width (solid curve) from Stahl
etal. (1996). The data points with error bars represent the ACIS-I count rate from
the 850 ks Chandra Orion Ultra-Deep Project. X-ray and Ho maxima occur at low
viewing angles when the entire X-ray torus is visible; the minima occur when part
of the X-ray torus is occulted by the star.
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Emission measure

contour encloses T > 10° K




MHD simulations show multi-10° K plasma,
moving slowly, ~1R, above photosphere
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Helium-like ions (e.g. O*%, Ne*®, Mg**°, Si**2, S*24) — schematic energy level diagram

resonance (r)




The /iratio is thus a diagnostic of the strength of the local UV radiation
field.

resonance (r)




If you know the UV intensity emitted from the star’s surface, it thus
becomes a diagnostic of the distance that the x-ray emitting plasma
is from the star’s surface.

resonance (r)
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Fic. 8.—Ne Lya line in the combined Chandra MEG spectrum from all four
observations of #' Ori C (solid histogram) compared to the same line seen in the
MEG spectrum of the active young K-type dwarf, AB Doradus (dash-dotted
histogram). A delta function convolved with the MEG instrumental response
(dashed line) is also shown for comparison. The ' Ori C line is clearly broader
than both the narrow line or the AB Dor line.
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* Lines from hotter plasma

OFe Xvii are relatively narrow
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Fic. 9.—Line widths for the strongest lines in the Chandra spectra plotted
against the temperature of peak line emissivity, taken from APED. The open
circles represent the Doppler width as measured by SHERPA. The filled dia-
monds represent the rms velocity as measured by ISIS. The mean rms velocity
and standard deviations of these lines are indicated by the horizontal lines. Note
that two of the lines formed in the coolest plasma are significantly broader than
the mean, but most of the lines have nonthermal line widths of a 250-450 km s~ .
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Lines from cooler plasma

90 VIII 18.97 are broad

* Lines from hotter plasma
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Fic. 9.—Line widths for the strongest lines in the Chandra spectra plotted
against the temperature of peak line emissivity, taken from APED. The open
circles represent the Doppler width as measured by SHERPA. The filled dia-
monds represent the rms velocity as measured by ISIS. The mean rms velocity
and standard deviations of these lines are indicated by the horizontal lines. Note
that two of the lines formed in the coolest plasma are significantly broader than
the mean, but most of the lines have nonthermal line widths of a 250-450 km s~ .
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Lines from cooler plasma

90 VIII 18.97 are broad

* Lines from hotter plasma
Fe XVII are relatively narrow

—:\
'n
£
~
-
S
-
jpa
()
2
[
=
%)
=
[»

Some X-rays come from embedded wind shocks
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Fic. 9.—Line widths for the strongest lines in the Chandra spectra plotted
against the temperature of peak line emissivity, taken from APED. The open
circles represent the Doppler width as measured by SHERPA. The filled dia-
monds represent the rms velocity as measured by ISIS. The mean rms velocity
and standard deviations of these lines are indicated by the horizontal lines. Note
that two of the lines formed in the coolest plasma are significantly broader than
the mean, but most of the lines have nonthermal line widths of a 250-450 km s~ .




2D Model of 62 Ori C

log(density)

Frame 001 | 13 Oct2002 | Frame 001 | 13 0ct2002 |

65 ksec 65 ksec

T T T

[ ]
|
|
|
[ |
|
[
[
|
]
|
[ ]
]
]
]
L
[
]
|
|
|
|




3D Model of 82 Ori C

Basic Top view
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What characterizes X-ray emission
from Magnetically Channeled Wind
Shocks (MCWS) in O Stars?

High X-ray luminosity
Hard X-ray spectrum

Narrow X-ray lines

02 Ori C: Chandra

This should be true for all magnetic OB stars with large-scale fields, strong
confinement, and significant wind mass-loss rates
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This should be true for all magnetic OB stars with large-scale fields, strong
confinement, and significant wind mass-loss rates
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BoV

young
slow rotator (41° period)

V_, = 1500 km/s

Mdot < 10 M_, [yr
O VI (Copernicus) shows
redshifted absorption (!)

Strong B-field, not a dipole: more
highly structured




Mon. Not. R. Astron. Soc. 370, 629-644 (2006) doi:10.1111/.1365-2966.2006

The surprising magnetic topology of 7 Sco: fossil remnant or dynamo
output?™

J.-E. Donati,!f I.D. Howarth,2t M. M. Jardine,?t P. Petit,'¥ C. Catala,*t
J. D. Landstreet,”t J.-C. Bouret,°t E. Alecian,*t J. R. Barnes,>T T. Forveille,”
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Figure 2. Periodogmm resulting from a deuble sine-wave fit to the
longitudinal-field data of = Sco. Top panel: x2 as a functicn of the pe-
ricd of the main sine wave. A clear minimum is obtained for a period of
about 41 d. Middle pancl: temporal fluctuations of the longitudinal field of =
Sco (full dots, with lo error bars) along with the model fit (full line) for the
adopted period of 41.033 d, as a function of heliocentric Julian date (HID).
Bottom pancl: as for the middle panel, but as a function of rotation phase,
computed using the ephemeris of equation (1).

Longitudinal field of T Sco

1

600
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Figure 2. Periodogram resulting from a double sine-wave fit to the
longitudinal-field data of t Sco. Top panel: X% as a function of the pe-
riod of the main sine wave. A clear minimum is obtained for a period of
about 41 d. Middle panel: temporal fluctuations of the longitudinal field of ¢
Sco (full dots, with 1o error bars) along with the model fit (full line) for the
adopted period of 41.033 d, as a function of heliocentric Julian date (HID).
Bottom panel: as for the middle panel, but as a function of rotation phase,
computed using the ephemeris of equation (1).

Donati et al., 2006, MNRAS, 370, 629




Figure 2. Periodogmm resulting from a deuble sine-wave fit to the
longitudinal-field data of = Sco. Top panel: x2 as a functicn of the pe-
riod of the main sine wave. A clear minimum is obtained for a period of
about 41 d. Middle pancl: temporal fluctuations of the longitudinal field of =
Sco (full dots, with lo error bars) along with the model fit (full line) for the
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Figure 2. Periodogram resulting from a double sine-wave fit to the
longitudinal-field data of t Sco. Top panel: X% as a function of the pe-
riod of the main sine wave. A clear minimum is obtained for a period of
about 41 d. Middle panel: temporal fluctuations of the longitudinal field of ¢
Sco (full dots, with 1o error bars) along with the model fit (full line) for the
adopted period of 41.033 d, as a function of heliocentric Julian date (HID).
Bottom panel: as for the middle panel, but as a function of rotation phase,
computed using the ephemeris of equation (1).

Donati et al., 2006, MNRAS, 370, 629




638  J-F. Donati etal.
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Figure 8. Maximum-entropy recons tructions of the magnetic topology of =
Sco, assuming that the global field canbe expressed as the sum of 2 potentisl
field anda toroidal field. T he three components of the field are disple yed from
top to bottom panel (flux valves labelled in G). The top image (radisl field
component) i described through the set of complex coefficients o, ,, (se2
Section 5). Thester & shown in flettened polar projection down to ktitudes
of =307, with the equstor depicted 2x = bold circle and parallels as deshed
circles. Radisl ticks around esch plot indics te pheses of cbservations.

Radial magnetic field

Figure 8. Maximum-entropy reconstructions of the magnetic topology of t
Sco, assuming that the global field can be expressed as the sum of a potential
field and a toroidal field. The three components of the field are displayed from
top to bottom panel (flux values labelled in G). The top image (radial field
component) is described through the set of complex coefficients oy ,, (see
Section 5). The star is shown in flattened polar projection down to latitudes
of —30°, with the equator depicted as a bold circle and parallels as dashed
circles. Radial ticks around each plot indicate phases of observations.
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Figure 9. Azimuthal and meridional components of the reconstructed potential (left-hand column) and toroidal (right-hand column) field structures. Adding
both yields the azimuthal and meridional field components shown in Fig. 8. The image on the left-hand side is described through the set of complex coefficients
Be.m, while that on the right-hand side is obtained through the coefficients y ¢ ,, (see Section 5).




642  J.-F. Donati et al.

Figure 11. Closed magnetic field lines of the extended magnetic configuration of T Sco, extrapolated from the photospheric map of Fig. 8. The star is shown
at phases 0.25 (left-hand panel) and 0.83 (right-hand panel). Note the warp of the magnetic equator and the additional networks of closed loops around phase
0.65 (mostly visible on the right-hand side of the right-hand panel).




Higher X-ray luminosity

Harder spectrum than most OB stars;
not as hard as 6* Ori C, though

Lines resolved by Chandra, but narrow




Forbidden-to-intercombination line ratios in
He-like ion states put hot plasma off of the
photosphere (r>2R.,..)

There is no rotational modulation of the
overall X-ray flux as would be expected if the
X-rays arise in the closed magnetic loops
shown in Donati et al. Fig. 12




L, = 4.4 X103 ergs™

LX/LbO| = 10-65
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H-like/f ratio is temperature sensitive
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T Sco: Chandra HETGS

H-like/f ratio is temperature sensitive
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F1G. 5.-—MEG +1 and —1 order observation of the neon Ly line (histo-
gram) with an intrinsically narrow model (convolved with the instrument
response). The fit to the data shows a statistically significant line width.




Fe XVII
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F1G. 6.—Derived line widths (HWHM) for three strong lines in seven
stars: two stars representative of coronal sources (Capella and AB Dor:
open symbols connected by dotted lines), T Sco (filled diamonds and solid
line), and four O stars ( filled symbols and dashed lines), which are presum-
ably wind X-ray sources.
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A MULTIPHASE SUZAKU STUDY OF X-RAYS FROM t Sco
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Fig. 7.— Structure of magnetic field lines at rotation phases 0.17,0.34, and 0.50 (top, left to right) and 0.67,0.83, and
0.97 (bottom, left to right). Closed field lines are shown white, while open field lines are shown blue.
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The /iratio is thus a diagnostic of the strength of the local UV radiation
field.
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F1G. 9. Calculation of the density and mean-intensity sensitivity of the
f/iline ratio for Mg x1. Note that the sensitivity to the mean intensity enters
via the distance from the photosphere. The distance of the plasma from the
photosphere is indicated for each model in units of the stellar radius. The
range from the data is indicated by the shaded area.
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What field configuration is consistent with
the wind properties?

Can magnetically confined wind shocks heat

a sufficient amount of plasma to the
observed temperatures, and at distances
above the photosphere to accommodate the
f/iratios and lack of rotational modulation?
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ABSTRACT

This paper reports high-precision Stokes V spectra of HD 191612 acquired using the ES-
PaDOnS spectropolarimeter at the Canada-France-Hawail Telescope, in the context of the
Magnetism in Massive stars (MiMeS) Project. Using measurements of the equivalent width
of the Her line and radial velocities of various metallic lines, we have updated both the spec-
troscopic and orbital ephemerides of this star. We confirm the presence of a strong magnetic
field in the photosphere of HD 191612, and detect its variability. We establish that the lon-
gitudinal field varies in a manner consistent with the spectroscopic period of 537.6 d, in an
approximately sinusoidal fashion. The phases of minimum and maximum longitudinal field
are respectively coincident with the phases of maximum and minimum He equivalent width
and Hp magnitude. This demonstrates a firm connection between the magnetic field and the
processes responsible for the line and continuum variability. Interpreting the variation of the
longitudinal magnetic field within the context of the dipole oblique rotator model, and adopt-
ing an inclination 7 = 30° obtained assuming alignment of the orbital and rotational angular
momenta, we obtain a best-fit surface magnetic field model with obliquity g = 67 + 5° and
polar strength By = 2450 + 400 G . The inferred magnetic field strength implies an equatorial
wind magnetic confinement parameter , = 50, supporting a picture in which the He emission
and photometric variability have their origin in an oblique, rigidly rotating magnetospheric
structure resulting from a magnetically channeled wind. This interpretation is supported by
our successful Monte Carlo radiative transfer modeling of the photometric variation, which
assumes the enhanced plasma densities in the magnetic equatorial plane above the star im-
plied by such a picture, according to a geometry that is consistent with that derived from
the magnetic field. Predictions of the continuum linear polarisation resulting from Thomp-
son scattering from the magnetospheric material indicate that the Stokes O and U variations
are highly sensitive to the magnetospheric geometry, and that expected amplitudes are in the
range of current instrumentation.

Key words: Stars : rotation — Stars: massive — Instrumentation : spectropolarimetry.




MHD MCWS simulations reproduce rotationally modulated H-alpha quite
well (ud-Doula, Sundqvist)

Table 1. Summary of stellar, wind, magnetic and magnetospheric properties
of HD 191612.

Spectral type O6f7p - O8fp Walborn et al. (2010)
T (K) 35000 +£ 1000  Howarth et al. (2007)
log g (cgs) 35+0.1 Howarth et al. (2007)
Ry Re) 145 Howarth et al. (2007)
ysini (kms™1) < 60 Howarth et al. (2007)
log(L, /Ly) 54 Howarth et al. (2007)
M, (M) ~ 30 Howarth et al. (2007)

logM Mpyr!) 5.8 Howarth et al. (2007)
Voo (kms™1) 2700 Howarth et al. (2007)

B4 (G) 2450 + 400 This paper
B ) This paper

N+ This paper
This paper
This paper




Spectrum is somewhat harder than typical O
stars, but not nearly as hard as 62 Ori C's

X-ray emission lines are broad, like { Pup’s —
highly incompatible with confined plasma
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DEM = T #(T) Alog(T)

HD 191612 : few million K

HD191612: EPIC data from Rev. 1068
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Figure 1. The phases of the XMM-Newton observations (between 2005
April and October) compared to the EW curve of the Ha line. Negative and
positive EWs correspond to emission and absorption lines, respectively. The
open circles indicate Aurélie data, filled symbols refer to Elodie observations,
and crosses indicate other optical data (see Howarth et al., in preparation).
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Figure 2. Variations with phase of the count rate in the 0.4—10.0 keV band
(top panel) and of two hardness ratios (middle and bottom panels). Open
symbols (triangles and squares) refer to EPIC MOS data, whereas filled
circles represent EPIC pn observations. The hardness ratio HR | (respectively,
HR,) is defined as (M — S)/(M + S) (respectively, (H — M)/(H + M)),
where S is the count rate in the 0.4-1.0keV band, M in 1-2keV and H in
2-10keV.
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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
6! Ori C all lie 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.
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X-ray plasma temperature is low (shocks
are weak)

X-ray emission lines are broad (not
consistent with magnetic confinement)




Could the X-rays be primarily from EWS?

Could dynamical nature of MCWS plasma
lead to broad lines (infall, outflow?)




X-ray properties of magnetic massive stars are
diverse

X-ray properties within MCWS paradigm depend

on field structure and wind properties (t Sco)

Even where stellar and magnetic properties are
similar to well-understood MCWS sources, X-ray
emission is not the same (HD 191612)







