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Abstract

SS433 is an enigmatic X-ray binary with a precessing, relativistic bipolar jet. Although
it has been studied for more than 25 years since its discovery, its fundamental properties,
such as the origin of the jet’s acceleration , collimation, and precession, and the nature of
the compact object, are not resolved.

X-ray observations are the best means to explore the core of system. In this thesis
the observation data of SS433 taken with the pn camera of the European Photon Imaging
Camera (EPIC) onboard XMM-Newton on 2003 October 18 and 2003 October 25 are
analyzed. An Fe K-shell absorption edge at E~7.9 keV (it is different from that of neutral
atom at rest frame) with a column density of Ny ~ 10?* cm~2 is detected in the 5.0—10
keV range spectra. Two mechanisms to explain the edge-energy shift are proposed: 1.
The Fe ion in the absorbing plasma is considerably ionized as Fe xy — Fexvyir. 2. The
attenuating matter is moving along the blue-shifted jet.

In the former model, the estimated size of the absorbing plasma would be much smaller
than the X-ray jet and would not cover it, unless the plasma is photoionized by hidden
X rays which is not visible from us. A promising candidate for the hidden X rays are the
emission from the inner accretion disk and the base of the jets .

An absorbing matter moving along the blue-shifted jet may be explained in terms of

an internal structure of the jet or dense blobs around the jet.
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Chapter 1
Introduction

Today about 20 “microquasers”, X-ray binaries consisting of a compact object (a black
hole or a neutron star), an accretion disk, and one relativistic jet or two, are known
in our Galaxy (Mirabel and Rodiguez 1999). SS433 is a strange source even among
those “microquasers” for its puzzling features: an extremely stable continuous bipolar jet
emanating at a quarter of the speed of light, so called “moving” emission lines in the
spectrum due to the precession of the jet axis with a precessional period of ~ 162 days.
SS433 has many problems which are still unsolved: jet formation mechanism, precession
mechanism and the nature of the compact object; whether a black hole or a neutron star.

X-ray observations are the best means to explore the nature, because X rays provide
information about the core of the system and the base of jets. Since SS433 is identi-
fied as the X-ray source A1909+404, it has been observed with most of X-ray missions.
Recent studies with ASCA (1993—2001) and Chandra X-ray Observatory (1999— ) have
focused out the emission lines in the spectrum. But the X-ray continuum has hardly been
examined.

Thanks to the very large effective area of the XMM-Newton, we can get statistically
excellent data. In particular, the EPIC-pn onboard XMM-Newton has a good sensitivity
around iron lines (5.0—10keV). In this thesis, I use the 5.0—10keV data of XMM-Newton
EPIC-pn for a careful study the continuum of SS433.

In this chapter, I present the basic data of the system and highlighten some X-ray

observations. For more detailed review, see e.g., Margon (1984).

1.1 Basic data of SS433

SS433 is the 433rd star in the “SS catalogue” (Stephenson and Sanduleak 1977). SS433 is
located near the galactic plane, 1=39.7°, b=—2.2° (Margon 1984) and is identified as the
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Figure 1.1: VLA continuum mosaic of W50 at 1.5 GHz (Dubner et al. 1998) and ROSAT
X-ray contour at 0.2 — 2.4keV (Brinkmann et al. 1996). The counterpart of SS433 is the
bright unresolved source at the center of the image. The lateral E—W extension is caused

by the injection of the jets from SS433.

X-ray source A1909+04 (Seaquist et al. 1978). The position of SS433 is near the center
of the supernova remnant W50 (Figure 1.1). SS433 is a galactic object and the distance
to SS433 is estimated as about 4.85 kpc (Vermeulen et al. 1993).

Figure 1.2 shows the temporal optical spectra of SS433 on 1978. Two “moving”
emission features are seen at ~ 6100 A and ~ 7400 A. The motion can be explained
by Doppler variation with a changing radial velocity of the emitting matter. Figure 1.3
shows the time variation of Doppler shifts of the “moving” emission features. An almost-
164-days period is seen.

Changing of the Doppler shifts can be explained by the kinematic model with five
independent parameters. Geometry of the kinematic model is shown in Figure 1.4. The
two oppositely directed jets precesses with a precessional period P,,.. tracing a precession
cone with an half opening angle #. The precessional axis of the precession cone has an
inclination angle 7. The emission lines from approaching jet shift to blue. The emission line
from receding jet shift to red. Margon and Anderson (1989) determined these parameters
using the observations conducted over a decade. The parameters are shown in Table 1.1.
In this thesis, the jet which approaches to us on average is defined as the “blue jet”, and

the other which recedes from us on average is defined as the “red jet”.
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Figure 1.2: The red/infrared spectrum of S5433 around the He (6563 A) line. The changes
in both wavelength and profile of two unidentified emission features at ~ 6100 and ~
7400 A are well-illustrated. He I \ 5876, 6678, and 7065 emission lines are visible. The

telluric absorptions are indicated by @. The top, middle, and bottom panels were observed

on 1978 October 23, 24, and 26, respectively (Margon et al. 1979a).

Table 1.1: Best fit model parameters for SS433 (Margon and Anderson 1989). Parameter

uncertainties quoted are +1o.

Parameter Value

Note

to 43562.37 + 0.30 (MJD?)
v 0.2602 + 0.0013

Prrec 162.50 & 0.03 days

0 19°.85 + 0°.17

.

78°.83 £ 0°.10

Time at which precessional phase ¥(¢) equals to zero

Velocity of the jet in unit of c.
Precessional period.
Half opening angle of the pression cone.

Inclination angle of the precessional axis.

b

a): Modified Julian Day. MJD is defined by an equation of Julian Day (JD)—2400000.5 days

b): There are two instants during a precessional period when the jets of SS433 are perpendicular to the

line of sight. Margon and Anderson (1989) define the precessional phase ¥ so that these instants occur

at ¥ =0 and ¥ = 0.316.
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Figure 1.3: Doppler shift of the emission lines in SS433 versus time. Note that although
the ordinate displays the Doppler shifts in units cz, the actual kinematic velocity values

are somewhat different due to the significant Lorentz factor (Margon et al. 1979b).
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Figure 1.4: Geometry of the precessing jets of SS433 (f&{L 1993).
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Figure 1.5: The typical scales of the jet of SS433.

SS433 is also an eclipsing binary system. SS433 consists of a compact object and a
main-sequence companion star. Glagyshev et al. (1987) determined the orbital period
Py, = 13.0820 4+ 0.0007 days.

1.2 The typical scales of SS433

The typical scales of the jet of SS433 is shown in Figure 1.5. The inner jet is with a scale
of 10'2 cm is observed in X rays. The 10'2 — 10'® cm jet observed optically. The 10'7 cm
jet is observed in radio band. The re-heated area which radiates X rays resides at 10%° cm
from the compact object. The radius of the accretion disk is as the same order as the

lenght of the X-ray jet. The re-heated area is located on the lateral extension of W50.

1.3 X-ray observations of SS433

X-ray observations are necessary to probe the core of the system and the base of the jets.
Since SS433 was identified by the X-ray source A1909+04, it is observed with most the
X-ray satellites. In this section, I briefly review observations and findings with EXOSAT,
Ginga, ASCA, Chandra and XMM-Newton.
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Figure 1.6: EXOSAT GSPC X-ray spectra of SS433 at two different precessional phase.
The histogram show the best-fit spectra which consist of a thermal bremsstrahlung con-

tinuum plus an emission line. Error bars shown are of £10 (Watson et al. 1986).

1.3.1 EXOSAT

In 1983—85, an emission line feature around 6 — 7keV was detected with the EXOSAT
GSPC. Watson et al. (1986) has interpreted the feature as the Doppler shifted Fe xxv Ko
emission line from the blue jet and showed that the line energy moves according to the
predictions of Margon (1984). Watson et al. (1986) have reported that there is only one
emission line seen in the spectra taken in EXSOSAT. They assumed that the blue jet is
visible while the other jet is hidden behind the accretion disk. Based on this assumption,

the jet was concluded to be shorter than the disk dimension of < 10'? cm.

1.3.2 Ginga

In 1987—1989, the Ginga LAC observed SS433 several times. Thanks to the large effective
area and high sensitivity to hard X-ray photons up to ~ 30keV, detailed observation of
SS433 in eclipse could be done by the Ginga LAC. From these observations, Kawai et
al. (1989) have concluded that the X-ray jets is hidden by the companion star in eclipse.
The X-ray spectral continuum is explained by a thermal bremsstrahlung continuum with
kT < 30keV and kT ~ 12keV, out of eclipse and eclipse, respectively. Brinkmann et
al. (1991) have applied a hydrodynamical radiative plasma flow model to the jet and

numerically calculated spectra to compare with the Ginga data. Two extreme types of
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Figure 1.7: Ginga LAC spectra of SS433 at two different binary phases: (a) out of eclipse
and (b) during eclipse. Histograms show a best-fit model and its components, including a
thermal bremsstrahlung continuum and a broad Gaussian emission line at 7keV (Kawai
et al. 1989).

jet model have been assumed; a high density (~ 10'®c¢cm™2) thin jet (~ 10'°cm) and a
low density (~ 10'' ¢cm™2) fat jet (~ 10" cm). At that time, short jet model was believed
to be realistic based on EXOSAT’s results.

1.3.3 ASCA

In 1993, a surprising spectrum (Figure 1.8) was shown by the ASCA SIS, using its high
energy resolution. Many pairs of Doppler shifted emission lines, such as Si x1v, Sxv, S xvr,
Ar xvi, Arxvin, Caxix, Fexxv, Fexxvyr and Nixxy, have been detected (Kotani et al.
1994). By the detection of emission lines from the red jet, the estimate of the lengh of
the X-ray jets was vastly improved. Kotani et al. (1996) estimated the base of the jet
temperature as ~ 20keV, using the line flux raito of Fe xxvi Ka to Fe xxv Ka. Kotani
(1998) suggested that the low energy emission lines from the receding jet are generally
weaker than those from the approaching jet, and sometimes absent. This can be explained

if an absorbing matter is present in the line of sight to the receding jet.

1.3.4 Chandra X-ray Observatory

Today, the Chandra X-ray Observatory HETGS has the highest energy resolution among

X-ray missions currently orbiting. Marshall et al. (2002) have reported on the observa-
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Figure 1.8: The X-ray count spectrum of SS433 obtained with ASCA SIS on 1993. Pair
of Doppler shifted lines are identified (Kotani et al. 1994).

tions of SS433 in 1999, and obtained the value of line broadening as 1700 kms!. They
have estimated that the electron density is 10** cm =2 and the gas temperature 1.3 x 10" K,
using the density-sensitive Sixp triplet. Namiki et al. (2003) have reported on the ob-
servation of 2001, and have estimated the initial temperature of the jets to be ~ 20keV.
They obtained that the widths of the Fe xxyv Ka and Si xi;; K lines correspond to velocity
dispersions of 2100 kms ! and 840 kms !, respectively. This can be explained if the jets

are collimated in the range of the X-ray jet.

1.3.5 XMM-Newton

The XMM-Newton has the largest effective area in the current missions. Brinkmann et al.
(2005) have reported on a XMM-Newton EPIC spectra analysis on 2003. They ruled out
the simple continuum model used previously. They made a jet model in terms of thermal
emissions from conically out-flowing jets and estimate the temprature at the base of the

jets as ~ 17keV and the density ~ 102 cm™3.

10
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Figure 1.9: The X-ray spectrum of SS433 observed with the Chandra HETGS. All lines
originate in the blue jet unless shown otherwise. Horizontal lines connect the locations
of the pair of Doppler shifted lines (diamonds) to the rest wavelengths (asterisks). The
dashed lines gives the statistical uncertainties (Marshall et al. 2002).
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Figure 1.10: The X-ray spectra of SS433 observed with XMM-Newton EPIC; top: pn
data, middle: MOS-1 data (timing mode), and bottom: MOS-2 data (full window mode)
(Brinkmann et al. 2005).
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Chapter 2
Instrumentation

The observations were carried out with the XMM-Newton. In this chapter, the XMM-
Newton and the EPIC camera are briefly described. For more details, see XMM-Newton
Users’ Handbook (Ehle et al. 2004).

2.1 XMM-Newton

The XMM-Newton is the second of ESA! ’s four “cornerstone” missions. It was launched
on 1999 December 10 and carries two types of telescope; three Wolter type-1 X-ray tele-
scopes, with different X-ray detectors in their foci, and a 30-cm optical/UV telescope
with a microchannel-plate pre-amplified CCD detector in its focal plane. Thus, the XMM-
Newton offers simultaneous access to two windows of the electromagnetic spectrum; X-ray
and optical /UV.

The XMM-Newton provides the following three types of science instrument:

1. European Photon Imaging Camera (EPIC)
3 CCD cameras for X-ray imaging, moderate resolution spectroscopy, and X-ray
photometry; the two different types of EPIC camera, MOS and pn, are described
in §2.2. The XMM-Newton carries 2 MOS cameras and one pn.

2. Reflection Grating Spectrometer (RGS)
2 essentially identical spectrometers for high-resolution X-ray spectroscopy and

spectro-photometry.

3. Optical Monitor (OM)
for optical/UV imaging and grism spectroscopy.

! European Space Agency

13



Figure 2.1: Sketch of the XMM-Newton payload. The mirror modules, two of which are
equipped with Reflection Grating Arrays, are visible at the lower left. At the right end of
the assembly, the focal X-ray instruments are shown: The EPIC MOS cameras with their
radiators (black/green “horns”), the radiator of the EPIC pn camera (violet) and those
of the (light blue) RGS detectors (in pink). The OM telescope is obscured by the lower

mirror module.

The three EPIC cameras and the two detectors of the RGS spectrometers reside in the
focal planes of the X-ray telescopes, while the OM has its own telescope. A sketch of the
XMM-Newton payload is displayed in Figure 2.1. There are in total six science instruments
on board the XMM-Newton, which are operated simultaneously (unless prohibited by
constraints, for example, excessive target brightness). The instruments can be operated
independently and each in different modes of data acquisition. Observers will receive data
from all science instruments.

The most important characteristics of the XMM-Newton are compiled in Table 2.1.
The basic characteristics of the XMM-Newton are:

e Simultaneous operation of all science instruments
If not prohibited, e.g. by target brightness constraints, all six XMM-Newton science
instruments operate simultaneously. They work independently (i.e., exposures of

the individual instruments do not necessarily start and end at the same time).

14



High sensitivity
The XMM-Newton carries the X-ray telescopes with the largest effective area of a
focusing telescope ever: the total mirror geometric effective area at 1.5 keV energy

is about 1550 cm? for each telescope, i.e., 4650 cm? in total.

Good angular resolution

XMM-Newton’s high sensitivity is achieved by using 58 thin nested mirror shells in
each X-ray telescope. The achieved point-spread function (PSF) has a full width at
half maximum (FWHM) on the order of 6” and a HEW, at which 50% of the total

energy are encircled, of about 15”.

Moderate and high spectral resolution
The EPIC CCD cameras have moderate spectral resolution (with a resolving power,
E/AE, of about 20—50). The RGS spectrometers offer much higher spectral reso-

lution, with a resolving power in the range of 200—800.

Simultaneous optical/UV observations
Observations with the co-aligned OM optical /UV telescope render possible the mon-
itoring and identification of optical/UV counterparts of X-ray sources seen by the

X-ray telescopes as well as imaging of the surrounding field.

Long continuous target visibility

A highly elliptical orbit offers continuous target visibility of up to about 40 hours,
with a minimum height for science observations of 46,000 km. This is very favorable
for studies of source variability and also in order to achieve a high overall observatory

efficiency.

2.2 European Photon Imaging Camera

Two of XMM-Newton’s X-ray telescopes are equipped with EPIC MOS (Metal Oxide
Semi-conductor) CCD arrays, the third carries a different CCD camera called EPIC pn.
In a nutshell, the XMM-Newton EPIC cameras offer the possibility to perform extremely

sensitive imaging observations over a field of view of 30’ and the energy range from 0.15
to 15 keV, with moderate spectral (EF/AE ~ 20—50) and angular resolution (6” FWHM,;
15" HEW). The pn type camera can be operated with a very high time resolution down

to 0.03 ms in the timing mode and 0.007 ms (but with a very low duty cycle of 3%) in

the burst mode. Note however that the absolute timing accuracy is determined by the

process which correlates the on-board time to the universal time.

15



Table 2.1: XMM-Newton characteristics

Instrument EPIC MOS EPIC pn RGS OM
Bandpass 0.15-12 keV | 0.15—15 keV 0.35—2.5 keV | 180—600 nm
Orbital target vis.(! 5—135 ks 5—135 ks 5—145 ks 5—145 ks
Sensitivity(® ~10-14 ) ~10-14 ) ~8x1075 () 20.7 mag ©®
Field of view (FOV) 30" 30" ~b' 17
PSF (FWHM/HEW) 5" /14" 6" /15" N/A 1.4" —1.9"
Pixel size 40 pm (1.17) | 150 pm (4.17) | 81 pm (9x1073A4) | 0.476513"
Timing resolution(® 1.5 ms 0.03 ms 16 ms 0.5s
Spectral resolution(”) ~T70 eV ~80 eV 0.04/0.025 A® 350 (¥

1): Total time available for science per orbit; minimum of 5 ks in order to ensure observatory efficiency.
XMM-Newton science observations can only be performed outside the Earth’s radiation belts.

2): With an exposure time of 10 ks.

3): In the range 0.15—15.0 keV, in units of erg s~! cm™2.

4): O vy 0.57 keV line flux in photons cm 2 s 1, for an integration time of 10 ks and a background of
10~* photons cm~2 s~ keV—1!.

5): 5-0 detection of an AQ star in 1000 s.

6): In fast data acquisition mode (i.e., fast mode for OM and timing mode for EPIC, high time resolution
mode for RGS, reading out only one of nine CCDs).

7): At 1 keV energy. At the energy of Fe Ka (6.4 keV), the energy resolution of both EPIC cameras is
about 150 eV.

8): In -1. and -2. order, resp.; at 1 keV, this corresponds to 3.2/2.0 eV (HEW).

9): Resolving power (A\/AX) with UV and optical grism.

16
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Figure 2.2: A rough sketch of the field of view of the two types of EPIC camera; MOS
(left) and pn (right). The shaded circle depicts a 30" diameter area. The MOS chip arrays
consist of 7 individual identical, front-illuminated chips. The heart of the pn camera is a

single Silicon wafer with 12 CCD chips integrated.

The detector layout and the baffled X-ray telescope FOV of both types of EPIC camera
are shown in Figure 2.2. For all cameras the sensitive area of the detector is about 30’
across.

All EPIC CCDs operate in photon counting mode with a fixed, mode dependent frame
read-out frequency, producing event lists. This allows for simultaneous imaging and non-

dispersive spectroscopy due to the intrinsic energy resolution of the pixels.

2.2.1 Two types of EPIC camera; MOS and pn

The two types of EPIC camera are fundamentally different. This does not only hold for the
geometry of the MOS chip array and the pn chip array (Figure 2.2), but other properties
as well, like e.g., their readout times. The readout of the pn chips is much faster than
that of the MOS cameras, because each pixel column has its own readout node. Another
important difference is that the MOS chips are front-illuminated, while the pn CCDs are

back-illuminated, which affects the detector quantum efficiencies decisively (§2.2.4).

17



Figure 2.3: Operating modes for thae pn-CCD camera: top left: Full frame and extended
full frame mode, top right: Large window mode, bottom left: Small window mode and
bottom right: Timing mode. The burst mode is different from the timing mode as the

source position is not read out, i.e. rows 181-200 will be dark.

2.2.2 Science modes of the EPIC cameras

The EPIC cameras allow several modes of data acquisition. Note that in the case of MOS
the outer ring of 6 CCDs remain in standard imaging mode while the central MOS CCD
can be operated separately. Thus all CCDs are gathering data at all times, independent
of the choice of operating mode. The pn camera CCDs can be operated in common modes
in all quadrants for full frame, extended full frame and large window mode, or just with
one single CCD (CCD number 4) for small window, timing and burst mode.

The most important characteristics of the EPIC science modes (time resolution and
count rate capability) are tabulated in Table 2.2. The active CCD areas for the different

pn and MOS readout modes are shown in Figure 2.3 and Figure 2.4, respectively.

18



Table 2.2: Basic numbers for the science modes of EPIC

MOS (central CCD; pixels) Time res | Live | Max. count | Max. count rate?
1 pixel = 1.17 olution | time! | rate? diffuse® | (flux) point source
(%] | (total) [s7!] | [s7!] ([mCrab]?)
Full frame (600x600) 26 s 100.0 150 0.70 (0.24)
Large window (300x300) 09s | 99.5 110 1.8 (0.6)
Small window (100x100) 03s | 975 37 5 (1.7)
Timing uncompressed (100x600) | 1.5 ms | 100.0 N/A 100 (35)
pn (array or 1 CCD; pixels) Time res | Live | Max. count | Max. count rate?
1 pixel = 4.17 olution | time' | rate? diffuse® | (flux) point source
(%] | (total) [s7'] | [s7'] ([mCrab]*)
Full frame (376x384) 73.4ms | 99.9 | 1000(total) 8 (0.9)
Extended full frame® (378x384) 200 ms | 100.0 370 3 (0.39)
Large window (198x384) 48 ms | 94.9 1500 12 (1.3)
Small window (63x64) 6 ms 71.0 12000 130 (14)
Timing (64x200) 0.03ms | 99.5 N/A 1500 (160)
Burst (64x180) Tus | 3.0 N/A 60000 (6300)

1): Ratio between the time interval during which the CCD is collecting X-ray events and the frame time.

2): “Maximum” to avoid deteriorated response due to photon pile-up. For the MOS cameras the max-

imum count rates are about 150 counts/s for full window and partial window imaging modes and 300

counts/s for timing mode. The pn telemetry limit is approx. 400 counts/s for the imaging modes and

approx. 300 counts/s for the timing mode.

3): Values are representative of bright objects that are extended on scales much larger than the PSF

core.

4): 1 mCrab = 2.4 x 107! erg s7! ¢cm™2 (in the energy range 2-10 keV).

5): ‘Extended” means that the image collection time (i.e. the frame time) is longer than in the normal

full frame mode.

19




Figure 2.4: Operating modes for the MOS-CCD cameras: top left: Full frame mode, top
right: Large window mode, bottom left: Small window mode and bottom right: Timing
mode. In timing mode, the X axis of the central CCD is the projected image of the source,
and has thus true spatial information; the Y axis does not carry any spatial information,

but is a measure of time, with roll-over of 1024 time-units in the figure shown.
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Figure 2.5: left: The EPIC MOS energy resolution (FWHM) as a function of energy. The
solid curve is a best-fit E%® function to ground calibration data between 0.1 — 12.0 keV.
Below around 0.6 keV (shown by the dotted region) surface charge loss effects distort
the main photopeak significantly from a Gaussian form and, hence the effective energy
resolution. Also plotted is the measured in-flight FWHM of the Al Ko (1.487 keV) and
Mn Ko (5.893 keV) lines (using an extraction radius of 130 arcsec). right: The EPIC
pn energy resolution (FWHM) as a function of energy. Curves are given for singles and
double events (full frame mode) at the focus position as well as at a position 10 pixels

away from the readout node.

2.2.3 Intrinsic energy resolution of EPIC

The CCD pixels of the EPIC cameras are energy sensitive, enabling non-dispersive spec-
troscopy. The resolving power of these cameras is determined by the intrinsic energy
resolution of the individual pixels. The spectral resolution for a point source located at
the nominal pointing position of both the EPIC MOS and pn CCDs, as a function of en-
ergy, is displayed in Figure 2.5. Also plotted in Figure 2.5 (left) are the measured in-flight
FWHM of the Al Ka and Mn Ka on-board calibration lines, obtained in five different
orbits. This shows a degradation of approximately 13% in the energy resolution of the
MOS since the launch of XMM-Newton. For the pn camera, no significant degradation
of the FWHM has been found.

2.2.4 EPIC quantum efficiencies

One of the factors to be taken into account when determining the effective area of the
EPIC cameras is their quantum efficiency (QE). The QE of both types of EPIC CCD chip
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Figure 2.6: left: Quantum efficiency of the EPIC MOS1 (solid line) and MOS2 (dashed
line) CCD1 chip as a function of photon energy. right: Quantum efficiency of the EPIC
pn CCD chips as a function of photon energy (Striideret al. 2001).

as a function of photon energy is displayed in Figure 2.6. It is the QE of the EPIC MOS
chips that in practice limits the energy passband at its high end, while the pn camera can
detect photons with high efficiency up to 15 keV. The event selection strategies can be

important in modifying the overall detection efficiency.

2.2.5 EPIC filters and effective area

The next factor influencing the EPIC effective area, specifically in the low energy part of
the passband, is the choice of the optical blocking filter. These filters are used, because
the EPIC CCDs are not only sensitive to X-ray photons, but also to IR, visible and UV
light. Each EPIC camera is equipped with a set of three separate filters, named thick,
medium and thin. It is necessary for the observer to select the filter which maximises
the scientific return, by choosing the optimum optical blocking required for the target of

interest.

e Thick filter
This filter should be used if the expected visible brightness of the target would
degrade the energy scale and resolution of EPIC. It should be able to suppress
efficiently the optical contamination for all point source targets up to my of 1 — 4
(MOS) or my of —2 — 1 (pn). The range depends on the spectral type, with
only extremely red (M stars for example) or blue colours causing the change to 3

magnitudes fainter level.
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e Medium filter
The optical blocking is expected to be about 10? less efficient than the thick filter,
so it is expected that this filter will be useful for preventing optical contamination

from point sources as bright as my = 6 — 9.

e Thin filter
The optical blocking is expected to be about 10° less efficient than the thick filter, so
the use of this filter will be limited to point sources with optical magnitudes about

12 magnitudes fainter than the corresponding thick filter limitations.

Figure 2.7 display the impact of the different filters on the soft X-ray response of both
types of EPIC camera.
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Figure 2.7: left: The EPIC MOS effective area for each of the optical blocking filters and
without a filter. right: The EPIC pn effective area for each of the optical blocking filters

and without a filter.
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Chapter 3
The observation

Table 3.2 is the log of the observations of SS433 with XMM-Newton EPIC camera (until
2005 February). In all of the observations, the EPIC-pn camera was operated in Small
Window mode, the EPIC-MOS1 camera was operated in Timing Mode, and the EPIC-
MOS2 camera was operated in Full Window mode. The medium filters was used for the
three cameras.

The observations on 2003 October 19, 2003 October 25, and 2004 April 15 affected
by high radiation (e.g. the sun flare). SS433 states in the observations on 2003 April 2,
2004 March 20 and 2004 April 15 are in eclipse. The value of orbital phase, precession
phase, and Doppler shifts of the red and the blue jet are calculated from the ephemeris
of Goranskii et al. (1998).

I use only EPIC-pn camera data from the 2003 October 19 and 2003 October 25,
because these are low background and out of eclipse. The two jets of SS433 in this study
is at almost maximum separation. The log of observation is shown in Table 3.1. The one
of the principle investigator of the observations is W.Brinkmann. All data have reducted
with the reduction software XMMSAS ver. 6.0 (Loiseau et al. 2004).

Table 3.1: Log of the SS433 observation with the EPIC-pn used in this study

Performed Date Exposure (sec) — 2peq” Zbiue’
2003/10/19 20464 0.1635 —0.0922
2003/10/25 11464 0.1512 —0.0799

a): Doppler shift of the red jet at the middle time of the observation (expected values).

b): Doppler shift of the blue jet at the middle time of the observation (expected values).
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Table 3.2: Log of the SS433 observation with XMM-Newton EPIC

Time Instrument Exposure Precessional Phase® Orbital Phase® Remark
UuT (ks) v 10)
2003 April 02 pn 7.66 eclipse
16:19—18:28 MOS1 0.14 0.8497 4+ 0.0000 0.047 £+ 0.003
MOS2 0.56
2003 April 04 pn 12.1
14:21—-18:00 MOS1 5.50 0.8620 £ 0.0005 0.196 £ 0.006
MOS2 5.47
2003 April 06 pn 6.29
16:06—17:52 MOS1 5.41 0.8745 £ 0.0002 0.351 4+ 0.003
MOS2 5.83
2003 April 08 pn 12.1
14:05—17:44 MOS1 12.7 0.8866 £ 0.0005 0.500 £ 0.006
MOS2 12.9
2003 October 19 pn 20.5 low BG*
00:02—05:50 MOS1 20.4 0.0797 £ 0.0007 0.288 4+ 0.009
MOS2 20.7
2003 October 25 pn 11.5 low BG*
03:59—07:17 MOS1 11.4 0.1174 4+ 0.0004 0.756 + 0.005
MOS2 11.7
2004 March 20 pn 14.4 eclipse
15:21—20:24 MOS1 13.4 0.0271 £ 0.0006 0.031 4+ 0.008
MOS2 13.8
2004 April 15 pn 15.5 eclipse
13:51—18:16 MOS1 15.4 0.1870 £ 0.0006 0.013 +£0.007 low BG*
MOS2 15.7

a,b): calculated from Goranskii et al. (1998). Times which ¢ = 0 is at totally eclipse. Times which ¥ =0

is at maximum separation between the two jets.

x): low background.
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Chapter 4

Data analysis

4.1 Data reduction

In this section, the reduction and the extraction of the spectral file from the data of 2003
October 19 and 2003 October 25 are described. Both data sets have processed in the
same way.

26 x 27 RAW pixels around SS433 have been refered as the source region, the same
number of pixels far from SS433 on the detector chip have been utilized as background
region. More than 90% of X-ray photons from SS433 are in this source region. Only
single and double events with quality flag of 0 have been used (for details of the XMM
instruments see Ehle et al. 2004). Data with a background count rate exceeding one
count per second are discarded. Finally, the spectra have been binned to contain more
than 100 photons per bin. After the data screening, the integration times of the October
19 and the October 25 observations are 13094 sec and 7759 sec, respectively.

4.2 Spectral fitting

XSPEC version 11.2.x (latest version is 11.3.x, Arnaud and Dorman 2003) has been used
for the spectral fitting.

In Figure 4.1 and Figure 4.2, I show the EPIC-pn spectra in the 5.0 — 10keV energy
band, fitted with a spectral model. Figure 4.1 and Figure 4.2 are the spectra taken on
October 19 and from October 25, respectively. The fitting model is as a function of energy

E given as
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e 7B)Nuwso . [A; x Bremssl(kT) + Fe; Ka,—g
+(F€ XXV Ko + Fe XXVI Ko + Ni XXVII Ko + Fe XXV Kﬁ + Fe XXVI Kﬂ)z:zred
+(Fe xxv Ka + Fe xxvi Ka + Ni xxyi K + Fe xxy KB + Fe xxvi KB) 2=z

+e o (B:Ere) Nutea . Ay x Bremss2(kT)].
(4.1)

e~ 7(E) Nuwso expresses an interstellar photo-electric absorption toward the source and o(E)
is the photo-electric cross section at F and Ngwso is the equivalent hydrogen column
density. Because SS433 is located near the center of the supernova remnant W50, all of
the emissions from SS433 are considered to be absorbed according to the column density
toward W50. So we fixed Ngwso at W50’s value, Ng = 0.7 x 10*2cm~2 (Safi-Harb and
Ogelman 1997). e~7(FFre) Nutea is same ase™ (%) Nuwso but Nijje, and the Fe K-shell edge
energy are free parameters. Bremssl(k7") and Bremss2(k7') is the model for a thermal
bremsstrahlung continuum with a parameter of the plasma temperature. The plasma
temperatures of the both thermal bremsstrahlung spectra assuming “leaky absorber” in
which the attenuating matter is partly covering the source. The model includes eleven
narrow Gaussian lines: Five pairs of Doppler-shifted lines from Fe xxv Ko, Fe xxvi Ke,
Ni xxvir K, Fe xxv KB and Fe xxyv; KB in the two jets, and one stationary line of Fe; Ka.
The Doppler shifts of the red jet and blue jet are set free: the Doppler shifts are the same
among all the lines belonging to the same jet. As initial Doppler shifts, the predicted
values shown in Table 3.1 are used. The best fit parameters is given in Table 4.1 and
Table 4.2.

In the both spectra, the emission lines from the stationary Fe;Kea, from Fe xxyv Ka
and Fe xxv Kf from the both jets, Fe xxvi Ka and Fe xxyvi K5 from the blue jet are seen.
The blended lines of Nixxyir Ka and Fexxy K3 from the both jets are resolved in the
spectral fitting. Fe xxyi KB from the red jet can not be detected. Fe xxyi Ko is seen in
the spectrum from October 19 only. The Doppler shifts of the jets calculated from the
line energies show little difference from the predicted values shown in Table 3.1.

The leaky-absorbed thermal bremsstrahlung continuum model give a good representa-
tion of the continuum spectra. From Ginga observations, the temperature of the thermal
bremsstrahlung component has been determined as k7" = 10 — 40keV (Yuan et al. 1995).
But my results suggest a temperature less than 10keV. This difference can be explained
as follow: The radiation from the jets is multi-temperature bremsstrahlung emission.
However, a one-temperature bremsstrahlung model has been used to fit my data. The
representative temperature is a function of the bandwidth of the detector, because the

higher photon energies the detector can measure, the more dominant a spectral component
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Figure 4.1: The XMM-Newton spectrum (top) and the best fit model (the solid line on
top and bottom) on 2003 October 19 (5.0 — 10keV). The blended lines of Ni xxvi Ko and
Fe xxv KB are resolved in spectral fitting. The emission line from Fe xxv1 K3 from the red

jet is not detected. The model shows Fe K-shell absorption edge.
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Table 4.1: Results of the model fit to the spectrum of 2003 October 19. All uncertainties

refer to statistical 90% confidence limits.

Parameter

Fe K-shell absorption edge

Edge energy 7.95610010 keV
Nulea 96.1757 x 10%2cm—2
Bremsstrahlung

kT 8.387020 keV

A 5.08+9:%8 % 1038 cm 3
Agb 2.09701% x 10% cm 3
0.5 — 10keV Model Flux (absorbed) 2.60 x 10 % ergscm 257!
0.5 — 10 keV Model Flux (absorption-corrected) 8.92 x 10" Yergsem 257!
Line Flux: 107 photons™' cm™2 (rest-frame line energy) Red Blue
Fexxy Ko (6.698keV) 11.813 39.4121
Fe xxvi Ko (6.965keV) 3.7t 6.9717
Ni xxvi Ko (7.798 ke V) 46712 16.4+29
Fexxv KB (7.897keV) < 1.7 13.5%1%
Fexxvi KB (8.210keV) <16 72717
Fe;Ka (6.399 keV) 10.0739

Redshift 0.172870:9%9¢  —0.097675-0092
x%/d.o.f 861 /740

a): Emission measure of the thermal bremsstrahlung continuum defined by [ nen;dV, where ne,n; are
the electron and ion densities.

b): Emission measure of the thermal bremsstrahlung continuum attenuated by leaky absorber.
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Figure 4.2: The XMM-Newton spectrum (top) and the best fit model (the solid line on top
and bottom) of SS433 on 2003 October 25 (5.0 —10keV). The blended lines of Ni xxyi Ko
and Fe xxv K3 are resolved in spectral fitting. The emission lines from Fe xxy; Ko and
Fe xxvi KB from the red jet are not detected. The model shows Fe K-shell absorption
edge.
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Table 4.2: Results of the model fit to the spectrum of 2003 October 25. All uncertainties

refer to statistical 90% confidence limits.

Parameter

Fe K-shell absorption edge
Edge energy

7.80010 957 keV

Nujea 95.4757 x 10%2cm—2
Bremsstrahlung

kT 6.801020 keV

A° 5.0270478 % 10% cm—?
Agb 2157022 % 10%° cm 3

0.5 — 10keV Model Flux (absorbed)
0.5 — 10 keV Model Flux (absorption-corrected)

2.40 x 10 % ergscm ?s !

9.69 x 10 %ergscm 25!

Line Flux 107° photons™ cm™2 (rest-frame line energy) Red Blue
Fexxy Ko (6.698keV) 134718 43.5123

Fe xxvi Ko (6.965 keV) < 25 8.5757%

Ni xxvi Ka (7.798 keV) 45778 20.272:2
Fexxy KB (7.897keV) < 1.6 8.41%7
FexxviKB (8.210keV) < 820 6.7119
Fe;Ka (6.399 keV) 6.1753

Redshift 0.162275:0992  —0.092315:5099
x%/d.o.f 552 /430

a): Emission measure of the thermal bremsstrahlung continuum defined by [ nen;dV, where ne,n; are

the electron and ion densities.

b): Emission measure of the thermal bremsstrahlung continuum attenuated by the leaky absorber.
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of a higher temperature becomes in the observed flux, and thus higher best-fit tempera-
ture would be obtained. The band pass of the LAC detector of Ginga is < 30keV, while
that of the EPIC-pn of XMM-Newton is 0.15 — 15keV. Therefore, a temperature value
determined from the LAC of Ginga data can be higher than that from the EPIC-pn of
XMM-Newton.

From the ratio of A; to A, attenuating matter is consider to cover most of the X-ray

jet.
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Chapter 5
Discussion

In Figure 4.1 and 4.2, a shifted Fe K-shell absorption edge is shown. It has never been
detected a edge like that. To detect the edge is one of the accomplishments of my thesis.
The EPIC-pn ,which has very large effective area and good energy resolution around
5.0—10 keV, enable to detect the edge.

Two simple mechanism which explain the shift of the edge from the neutral value of
7.11 keV are proposed: 1. The Fe in the absorbing plasma is considerably ionized. 2. The
attenuating matter is outflowing at a high velocity. In Table 5.1, the Fe ionization state
and the plasma Doppler sift which was obtained from the edge energy is shown.

In this chapter I figure out the size and the electron density of the absorbing plasma

along each interpretations and discuss the plasma geometry. In the following section,

95 T T T

8k |- -

Enengy (V)
+

75 *

Figure 5.1: The relation between Fe ionization state and Fe K-shell edge energy (Lotz
1968, Makishima 1986).
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Table 5.1: Interpretation of shifted absorption edge

2003 October 19 2003 October 25

Eegge® (keV) 7.95670-044 7.80015-008
ionization stateb Fe XVII — Fe XVIII Fe XV — Fe XVI
Doppler shift 2 —0.1055709312  —0.087613:99%¢

a): The iron K-shell absorption edge energy from spectral fitting.
b): Using data from Figure 5.1 (Lotz 1968).

firstly, I consider the case of ionized plasma in §5.1. Then, I consider the case of Doppler
shifted plasma in §5.2.

5.1 Ionized plasma

Two mechanisms to ionize the Fe absorbing plasma are discussed. Collisional ionization

and photoionization.

5.1.1 Collisional plasma model

I discuss on the model of a thermal absorbing plasma in collisional equilibrium in a
spherical configuration with radius 7. The absorption plasma absorbs the part of X-ray
emission from the jets and radiate X-rays by collisional ionization.

The relation between plasma temperature and the population of each ion is given in
Figure 5.2 (Jacobs et al. 1977). From the October 19 observation I get a corresponding
temperature of kT = 0.27 — 0.43 keV, from the October 25 kT = 0.17 — 0.22keV.

The luminosity of this thermal plasma in the XMM-Newton energy band Lo g.5-19 iS

given as

Leoios—10 = A(T) n(T) /ne n;dV, (5.1)

where A(T) is the radiative cooling function, n(T) is the ratio of the emission falling into
the observable XMM-Newton energy band > 0.5keV to the total emission from the cloud
(for details of the parameter n(7T") see Appendix A), n, is the electron density, n; is ion
number density. The observed luminosity Lps is the sum of L.y 5_10 and the luminosity
of the absorbed jets. Therefore,

LcolO.5—10 < Lobs- (52)
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Figure 5.2: The ionization equilibrium for Fexyi — Fexrx (Jacobs et al. 1977). The

relation between plasma temperature and population of each ion is shown.

Lops is given by Lops = 4md? fops(=2 7 x 10%% ergs™!), where d is the distance to SS433
and fops is the observed flux, for which the absorbed flux in Table 4.1 and Table 4.2. 1
assume that ne ~ n; ~ % and [nen; dV = %WNHQ r, where Ny is the equivalent hydrogen
column density of the attenuating plasma. Therefore, from equation (5.1) and equation

(5.2), the radius is constrained as

3d? fobs
A(T) n(T) N™

In Figure 5.3(Gaetz and Salpeter 1983), the relation between the radiative cooling
function A(T') and the plasma temperature is plotted. From Figure 5.3 1 find A(0.43keV) =
107215 and A(0.22keV) = 10729, From Appendix A, it is estimated 7(0.43keV) = 0.32
and 7(0.22keV) = 0.10. With the distance of SS433 d = 4.85 kpc (Vermeulen et al. 1993),
I get below from equation (5.3):

r<

(5.3)

October 19
r < 8.9 x 10'%m (5.4)

ne > 1.0 x 108¥¢m ™3

October 25
r < 1.6 x 10"%cm (5.5)

Ne > 5.8 x 10Mem 3.
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Figure 5.3: Radiative cooling function A(T’) for a gas in collisional equilibrium. Here A(T)
is denoted by P/n.ng. Contributions to cooling from individual elements are indicated

(Gaetz Salpeter 1983).

5.1.2 Photoionized plasma model

I discuss on the model of the photoionized absorbing plasma in a spherical configuration
with radius r. The absorbing plasma absorb the part of the X-ray emission from the jets
and is photoionized by the X-rays from the jets.

From Figure 5.4 (the model 4 in Kallman and McCray 1982), the ionization state can
be converted to the & parameter: on October 19, it is £ = 108 — 10%%° on October

25, it is € = 10" — 1070, The ¢ parameter is defined as £ = —Zs<— where Lg, is the

At r2ne’

X-ray source luminosity and n, is the electron density. I assume that the £ parameter
is constant in the absorbing plasma and n, ~ %, where Ny is the equivalent hydrogen
column density from Table 4.1 and 4.2. T assume that Lg,. ~ 47 d? forg(~ 3 x 103 ergs™1),
where f,, is the absorption-corrected flux in Table 4.1 and 4.2 and d is the distance to
SS433. Therefore,

& forg
ro~ , 5.6
Nu ¢ (56)

which gives for d = 4.85kpc (as in §5.1.1),
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Figure 5.4: Fe ionization structure of model 4. Relative abundances of iron of each element
is shown as a function £. This model is assumed the source luminosity is Lge = 1037ergs—1,
gas density n = 10c¢cm™3, and 10 keV bremsstrahlung+line trapping (Kallman and Mc-

Cray 1982).

October 19
r~20-3.0x 10%m (5.7)

Ne ~ 3.1 —5.2x 10%cm ™

October 25
r~4.3-5.4x 10%m (5.8)

Ne ~ 1.7 —2.4 x 10"™cm 3.

5.1.3 The geometry

The absorbing plasma is in collisional equilibrium, the estimated size of the plasma is
rather small. From the ratio of A; and A, (see Table 4.1 and Table 4.2), the length of
the absorbed X-ray jet should be longer than the unabsorbed X-ray jet! . If the plasma is
in collisional equilibrium, this difficulty is resolved by reducing the plasma temperature.
This means that the plasma is ionized not only by collisions but also by photoionization.
Therefore, the plasma in which collisional ionization is dominant is unlikely as the nature
of the leaky attenuator and I consider only the case of photoionization.

If the plasma is photoionized, the estimated size of the plasma is rather small too

and the simple spherical photoionized plasma model is rejected. If the leaky absorber is

! In this thesis, length of the X-ray jet is to be ~ 102 cm (Kotani 1998)
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red jet

Figure 5.5: The improved geometry of the photoionized plasma. The center circle is the
compact star and the two triangles represent the accretion disk and the gray ellipse is the
absorbing plasma. The absorbing plasma is photoionized by X-rays from the inner part

of the accretion disk (a). Radiation (b) is observed as absorbed emission from the jet.

photoionized, it would have a more complicated geometry.

I suggest a more realistic geometry as shown in Figure 5.5. It resolved the difficulty
by “unobserved X-rays”, because if Lg, increases, r increases too. A candidate for the
“unobserved X-rays” are emission from the inner accretion disk and the base of the jets
which are hidden by the rim of the accretion disk. These X-rays photoionize the absorbing
plasma but are not observed. If the size of the absorption plasma is r ~ 102 cm™2, as
the same order as the X-ray jet, all of the X-ray luminosity of SS433 would be derived as
Lge ~ 103 ergs™ from equation (5.6).

In this case, the width of the emission lines would be expanded by comptonization,
because the optical depth of the absorbing plasma 7 ~ 1 (7 = or x Ny, where or is
the cross section of Thomson scattering). The relation between £ parameter and plasma
temperature is shown in Figure 5.6 (model 4 in Kallman and McCray 1982) and line
hair-width as function of optical depth and plasma temperature for the line on 6.41 keV
are shown in Figure 5.7 (Pozdnyakov et al. 1979). From Figure 5.6 temperature of the
absorbing plasma is estimated as k7" ~ 1eV. Therefore, from Figure 5.7, the half-width
of the emission lines would be A; /5 hv ~ 0.1keV. At Fe xxv Ka lines from the blue jet in

Figure 4.1 and 4.2, the observed line width is wider than model line width, which may be
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Figure 5.6: The £ parameter versus the plasma temperature of model 4 (Kallman et al.
1982). This model is assumed the source luminosity is Lg. = 1037ergs™!, gas density

n = 10"cm 3, and 10keV bremsstrahlung-+line trapping.
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Figure 5.7: Emission line half-width A/, hv (keV) ,which pass through plasma and due
to comptonization, as function of optical depth 7 and plasma temperature kT, (keV)
for the line hyy = 6.41keV (Pozdnyakov et al. 1979). This is results of Monte Carlo
Computations. The cross points are kT, = 1keV and the circle points are kT, = 0keV.

accounted with the Compton broadening effect.
If this model gives a good explanation for the source, the absorption edge energy will

be not vary with precession phase.

5.2 Doppler shifted plasma

In this section, I discuss on the possibility of an absorbing matter moving along the jets.
The Doppler shifts of the blue jet and the moving absorbing matter are compared in Table

5.2. The absorbing matter including not or low ionized Fe atoms is assumed to be moving
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Table 5.2: Doppler shifts of the blue jet and the moving absorbing plasma

2003 October 19 2003 October 25

Observed Doppler shift of the blue jet zpiue —0.09767099%2  —0.092373:9959

Doppler shift of the moving absorbing matter zeqge —0.105515:0015 —0.087610-00%

at the same velocity of the blue jet.
An interpretation of the moving absorber is that is inhomogeneous, as schematically
drawn in Figure 5.9. The jets and the plasma are assumed to be in a pressure equilibrium,

i.€.,

n;-Tj=n-T, (5.9)

where n is the plasma density and 7" is the temperature. The subscript “;” denotes the
value of the jet. Since the jet is expanding, n; < ng and T; < T where the subscript
“0” denotes the value of the base of the jets. Substituting the typical jet parameters
no ~ 108 em™3, Ty ~ 108K, and a temperature at which Fe is not ionized, T ~ 10*K
(see Figure 5.2), I obtain n > 10" c¢m 3. I assume that n ~ n, ~ e where n, is
the electron density and r is the characteristic scale of the absorbing matter. Therefore,
it is constrained as r < 107 cm, which is smaller than the radius of the jet at the base,
ro > 3 x 10° cm.

I suggest a model of the many moving matter in the jet because the major part of the
X-ray emission are absorbed. If the 100 moving matter in the jet? , the £ parameter of
the matter would be & ~ 10, which is consistent with the low ionized hypothesis.

Origin of the inhomogeneous jet may be explained by low ionized dense blobs around
the jets absorb the X-ray emission from the jets. Brinkmann et al. (1998) suggest the
possible formation of dense blobs by a thermal instability. However to consider this
possibility is out of this thesis.

If the moving attenuator model is valid, the Doppler shift of the absorption edge would
vary in accordance with the precession of the jets. The model will be confirmed or denied

in future observations of XMM-Newton at a different phase.

2 The typical X-ray jet’s length divided by ten times estimated radius of the moving matter.
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Figure 5.9: A schematic view of an inhomogeneous jet. X ray (a) is observed as unab-

sorbed. X ray (b) is observed as absorbed by low ionization plasma.
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Chapter 6
Conclusion

In this thesis, the observation data of microquasar SS433 taken with the pn camera of
the European Photon Imaging Camera onboard XMM-Newton on 2003 October 18 and
on 2003 October 25 are analyzed. One of the principle investigator of the observation
is W.Brinkmann. A Fe K-shell absorption edge with an energy different from that of
neutral atom at rest frame is detected in the 5.0—10 keV range spectra thanks to the high
sensitivity of the instrument.

The results of this thesis are summarized as follows.

e The shifted Fe K-shell edge at £ = 7.9567035 keV, with a column density of Ny =
96.1757 x 1022cm=2 in October 19 and at E = 7.80070%  keV Ny = 95.4757 x
10?22 cm~2 in October 25 are detected. Two simple mechanisms to explain the edge
energy shift are proposed: 1. The iron in the absorbing plasma is considerably

ionized as Fe xy — Fe xyir. 2. The attenuating matter is moving along the blue jet.

e The iron absorbing plasma is assumed to be ionized, whether the ionizing mechanism
are collisional ionization or photoionization, the estimated size of the absorbing
plasma r would become too short (r ~ 10°cm) compared with the jet length of
10'2 ¢cm. This problem is resolved by postulating additional “unobserved X-rays”.
A strong candidate for “unobserved X-rays” are emission from the inner accretion
disk and the base of the jets.

e If the absorbing matter moves at the velocity of the blue jet, the assumption that
the jets have an inhomogeneous internal structure and that dense blobs exist around

the jets may give a good explanation.

I favor the “unobserved X-rays” hypothesis more to the other hypotheses because it’s
simplicity, but I can not reject the others. The analysis of the observations at other

precessional phases may give more insight.
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Appendix A

An estimate of parameter (7))

Parameter 7(7') is the ratio of the emission falling into the observable XMM-Newton
energy band 0.5—15 keV (it is shown in §5.1.1). In this appendix, I describe how to
estimate n(7T).

Thermal bremsstrahlung emission €// (erg s=' ecm=3 Hz™') is figured by

hy

el =68 x 1073 2% non; T3 €73 gy, (A.1)
where 7 is an atomic number, n, is a electron density, ,n; is a ion density, 7" is a plasma
temperature, h is the Planck’s constant, v is a frequency of the wave of light, & is the
Boltzmann’s constant, and gy is a velocity averaged gaunt factor (Rybicki and Lightman
1979). Therefore,the ratio of the emission fall into 0.5—10 keV is

10keV _—hv _
77(T) _ 0.5k2Ve MOrr dv
= e .
Joxev €7*7 gy dv
In Figure A.1, the gaunt factor gsy for thermal bremsstrahlung is shown. In the case

of §5.1.1, plasma temperature kT=0.43 keV or kT=0.22 keV, and one of the main plasma

kT
Z2? Ry

A1, gsr ~ 1. Furthermore, the emission from this temperature plasma falling into the

(A.2)

components is Fe ion, then Z—; > 1 and where Ry=13.6 eV. Therefore, from Figure
0.5—15 keV is almost same as the emission falling into the 0.5—o0 keV, because the
emission in this temperature plasma falling into over 15 keV is very small. Therefore,

Equation A.2 is rewrote as

Joskev e du _05keV
T’(T) ~ . — = e kT | (A3)
fOOIO<eV e dv

Then, 7(0.43 keV)=0.32 and 71(0.22)=0.10 are obtained.
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Figure A.1: Approximate analytic formula for the Gaunt factor gss(v,T) for thermal

bremsstrahlung. Here g,/ is denoted by G and the energy unit Ry=13.6 eV (Rybicki and
Lightman 1979, Novikov et al. 1973).
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