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ABSTRACT

This study aims to elucidate the physical state of the boundary layer by systematically analyz-

ing X-ray data of dwarf novae in optical quiescent states. The dwarf nova is a semi-detached

binary system consisting of the non-magnetic white dwarf and a late-type main-sequence star

(secondary). Around the white dwarf is formed an accretion disk composed of the gas trans-

ferred from the secondary. When thermal instability occurs in the disk, the gas accretes rapidly

to the white dwarf and an optical outburst occurs. If the white dwarf rotates much more slowly

than the Keplerian velocity on its surface, the accreting matter is heated by high friction be-

tween the inner accretion disk and the white dwarf surface. This region is referred to as the

boundary layer and emits X-rays. We analyzed the X-ray spectra of 19 dwarf novae in the

optical quiescent state observed by the XMM-Newton satellite. The X-ray spectra of quiescent

dwarf nova are moderately well represented by the multi-temperature thermal plasma emission

model. We evaluated the spectra by adding the reflection component of the plasma from the

disk and white dwarf surface and a 6.4 keV fluorescent iron emission line to this model. As a

result, we discovered a clear correlation between the mass accretion rate through the boundary

layer and the orbital period. The boundary layer mass accretion rate was found smaller than that

in the accretion disk roughly by an order of magnitude. We also discovered a clear correlation

between the maximum temperature of the plasma and the white dwarf mass. The maximum

temperature is about 60% of that expected from the radial flow strong shock on the white dwarf

surface.

To understand the time evolution of the boundary layer X-ray emission mechanism in the

optically-quiescent phase, we used data from the SU UMa-type dwarf nova VW Hyi observed

by the X-ray astronomy satellites XMM-Newton and Suzaku. The SU UMa-type dwarf nova

shows not only the normal outburst but also a super-outburst, which is brighter in the optical

band than the normal outburst by ∼ 1 mag at its peak, and lasts about 5 times longer than the

normal outburst. We evaluated the behavior of the boundary layer in terms of the number of

days elapsed since the last super-outburst or the last outburst. As a result, although there was no

clear trend as a function of time since the last super-outburst, the mass accretion rate showed a

clear declining trend with time since the last outburst. The rate of decline is about −2.2% d−1.

A similar analysis on SS Cyg observed by XMM-Newton, Suzaku, and NICER results in a

similar declining rate of the mass accretion rate of −2.6 to −1.2% d−1. A number of numerical
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simulations of on the dwarf nova outburst predict that the accretion rate to the white dwarf

during quiescence will increase with the growth of the disk. However, our observations show

that mass accretion to the white dwarf decreases over time while the accretion disk accumulates

gas to the outburst. We need further observation and theoretical consideration to resolve this

discrepancy.

ii



CONTENTS

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii

LIST OF TERMS AND ABBREVIATIONS . . . . . . . . . . . . . . . . . . . . . . . xiii

1 Introduction 1

2 Review of Dwarf Nova 4

2.1 Close binary system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1.1 Roche Lobe geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1.2 Mass-radius relation of the White Dwarf . . . . . . . . . . . . . . . . . . 7

2.1.3 Mass transfer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.1.4 Accretion Disk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.1.5 Boundary layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 Dwarf Nova . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2.1 Thermal Instability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2.2 Tidal Instability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3 X-ray emission from optically thin thermal plasma 19

3.1 Collisional plasma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.2 Coronal plasma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.3 Ionization distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.4 Ionization and recombination process of coronal plasma . . . . . . . . . . . . . . 21

3.5 Line emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.5.1 Volume emissivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.5.2 Hydrogen-like and Helium-like Lines . . . . . . . . . . . . . . . . . . . 23

3.6 Continuum emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

iii



3.7 Spectral model of X-ray emission . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.7.1 Multiple temperature plasma emission models . . . . . . . . . . . . . . . 27

3.7.2 Reflection of the Plasma emission . . . . . . . . . . . . . . . . . . . . . 28

3.7.3 Definition of Solar Abundances . . . . . . . . . . . . . . . . . . . . . . . 29

4 Instrument 31

4.1 XMM-Newton . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.1.1 X-ray mirror . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.1.2 European Photon Imaging Camera (EPIC) . . . . . . . . . . . . . . . . . 33

4.1.3 Operating mode of EPIC . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.1.4 Filters and effective area . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.2 Suzaku . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.2.1 X-ray Telescope (XRT) . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.2.2 X-ray Imaging Spectrometer (XIS) . . . . . . . . . . . . . . . . . . . . . 39

4.2.3 Hard X-ray Detector (HXD) . . . . . . . . . . . . . . . . . . . . . . . . 41

4.3 NICER . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.3.1 X-ray Timing Instrument (XTI) . . . . . . . . . . . . . . . . . . . . . . . 42

5 Observation and Data Reduction 44

5.1 XMM-Newton observations of DNe in quiescence . . . . . . . . . . . . . . . . . 44

5.2 Suzaku observations of VW Hyi and SS Cyg . . . . . . . . . . . . . . . . . . . . 50

5.3 NICER observations of SS Cyg . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

6 Spectral analysis 53

6.1 Evaluation of the DNe spectra observed by XMM-Newton . . . . . . . . . . . . . 53

6.2 Evaluation of a series of VW Hyi data . . . . . . . . . . . . . . . . . . . . . . . 61

6.3 Evaluation of a series of SS Cyg data . . . . . . . . . . . . . . . . . . . . . . . . 70

7 Disccusion 75

7.1 Correlation between the results of X-ray spectra evaluation and parameters of

dwarf nova systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

7.1.1 X-ray luminosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

7.1.2 Mass accretion rate in optical quiescent state . . . . . . . . . . . . . . . . 77

7.1.3 Plasma temperature of the boundary layer. . . . . . . . . . . . . . . . . . 79

iv



7.2 Variation of mass accretion rate onto the white dwarf . . . . . . . . . . . . . . . 80

7.2.1 VW Hyi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

7.2.2 SS Cyg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

7.3 Structure of the boundary layer in quiescence . . . . . . . . . . . . . . . . . . . 86

8 Conclusion and Future Prospect 89

8.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

8.2 Future prospect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

ACKNOWLEDGEMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

v



LIST OF FIGURES

2.1 Sections in orbital plane of Roche equipotentials for binary system with mass

ratio q = 0.4. L1−5 is Lagrange points (野本 et al. 2009). . . . . . . . . . . . 6

2.2 Schematic illustration of formation of accretion disk (Verbunt 1982). . . . . . 9

2.3 Viscous revolution of ring of mass m. Surface density Σ is shown as a function

of x = r/R0, where R0 is initial radius of ring, and dimensionless time τ =

12νktR−2
0 . (Pringle 1981). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.4 Schematic view of optically thick boundary layer (in plane perpendicular to

plane of disk). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.5 Schematic view of Dwarf Nova. (Foreground) Secondary star. (Back) Ac-

cretion disk and white dwarf in at center. https://hubblesite.org/

image/4622 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.6 Schematic diagram showing thermal limit cycle of disk. . . . . . . . . . . . . . 17

2.7 Time evolution of accretion disk of SU UMa type DN by a numerical simula-

tion (Osaki 2005). Top panel is bolometric light curve. Middle panel is disk

radius Rd in units of binary separation A. Bottom panel is total disk mass Mdisk

normalized by critical mass Mcrit above which disk can be tidally unstable. . . . 18

2.8 Diagram of CVs between orbital period and mass transfer rate from secondary

to disk (Osaki 2005). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.1 Ionization distributions of oxygen, silicon, sulfur, and iron ions as function of

temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2 Schematic diagram of energy level of helium-like ion. Solid downward arrow :

radiative transition, broken arrow : collision excitation. . . . . . . . . . . . . . 24

3.3 Temperature dependence of cooling coefficient and its components for optically

thin plasma of cosmic abundances (Gehrels and Williams 1993). . . . . . . . . 26

3.4 Spectra of multiple temperature model (CEVMKL) with maximum temperature

of 1.0 keV (left) and 20.0 keV (right). . . . . . . . . . . . . . . . . . . . . . . 28

vi



3.5 Example of the energy spectra of dwarf novae (black solid line). Dotted line

shows the plasma emission. Dashed line shows the reflection, and red solid line

indicates the iron fluorescence line at 6.4 keV. . . . . . . . . . . . . . . . . . 29

4.1 Elliptical orbit of XMM-Newton. https://xmm-tools.cosmos.esa.

int/external/xmm_user_support/documentation/uhb/orbit.

html . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.2 X-ray mirror of XMM-Newton. https://www.cosmos.esa.int/web/

xmm-newton/technical-details-mirrors . . . . . . . . . . . . . . 32

4.3 (Top) Photo of EPIC-MOS camera. https://www.cosmos.esa.int/

web/xmm-newton/technical-details-epic (Bottom) Layout of EPIC-

MOS camera for MOS1 (left) and MOS2 (right). https://xmm-tools.

cosmos.esa.int/external/xmm_user_support/documentation/

uhb/moschipgeom.html . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.4 (Left) Photo of EPIC-pn camera. https://www.cosmos.esa.int/web/

xmm-newton/technical-details-epic (Right) Layout of EPIC-pn

camera. https://xmm-tools.cosmos.esa.int/external/xmm_

user_support/documentation/uhb/pnchipgeom.html . . . . . . 35

4.5 Images with different operating modes for EPIC-MOS. Top left: Full Frame

mode; top right: Large Window mode; bottom left: Small Window mode, and

bottom right: Timing mode. (SOC 2020) . . . . . . . . . . . . . . . . . . . . . 36

4.6 Images with different operating modes for EPIC-pn. Top left: Full Frame and

Extended Full Frame mode; top right: Large Window mode; bottom left: Small

Window mode, and bottom right: Timing mode. (SOC 2020) . . . . . . . . . . 37

4.7 EPIC effective area when applying different filters (Left : MOS, Right : pn).

https://www.cosmos.esa.int/web/xmm-newton/technical-details-epic 38

4.8 XRT : X-ray mirror of Suzaku. https://heasarc.gsfc.nasa.gov/

docs/suzaku/gallery/instruments/xrt.html . . . . . . . . . . . 39

4.9 (Left) Photo of X-ray imaging spectrometers (XIS). https://heasarc.

gsfc.nasa.gov/docs/suzaku/gallery/instruments/xis.html

(Right) Effective area of XRT+XIS system. https://heasarc.gsfc.

nasa.gov/docs/suzaku/gallery/performance/xis_area.html 40

vii



4.10 Field of view of XIS. https://heasarc.gsfc.nasa.gov/docs/suzaku/

prop_tools/suzaku_td/node10.html . . . . . . . . . . . . . . . . . 40

4.11 (Left) Photo of hard X-ray detector (HXD). https://heasarc.gsfc.

nasa.gov/docs/suzaku/gallery/instruments/hxd.html (Right)

Schematic picture of HXD. https://heasarc.gsfc.nasa.gov/docs/

suzaku/analysis/abc/node10.html . . . . . . . . . . . . . . . . . . 41

4.12 (Left) Schematic picture of NICER. https://heasarc.gsfc.nasa.gov/

docs/nicer/mission_guide/ (Right) Effective area of XTI. https:

//heasarc.gsfc.nasa.gov/docs/nicer/nicer_tech_desc.html 42

4.13 Arrangement of FPMs on XTI backplane. https://heasarc.gsfc.nasa.

gov/docs/nicer/mission_guide/ . . . . . . . . . . . . . . . . . . . 43

5.1 Image of QZ Vir obtained with EPIC-MOS1 in Large Window mode (left panel)

and EPIC-pn in Full Frame mode (right panel). Upper panels show overall view,

and lower panels show enlarged view centered on image brightness peak. Cyan

circles show source area, and white annuli show background area. . . . . . . . 46

5.2 Image of U Gem obtained with EPIC-MOS2 (left panel) and EPIC-pn (right

panel) in Small Window mode. Upper panels show overall view, and lower

panels show enlarged view centered on image brightness peak. Cyan circles

show source area, and white rectangles show background area. . . . . . . . . . 47

5.3 Image of SS Cyg in 2001 obtained with EPIC-MOS1 (left panel) and EPIC-pn

(right panel) in Timing mode. Upper left panel shows overall view of CCD1

in EPIC-MOS1, and lower left panel shows overall view of other CCDs. Up-

per right panel shows overall view of CCD4 in EPIC-pn, and lower right panel

shows enlarged view of it. Cyan rectangles show source area, and areas sur-

rounded by white line show background. . . . . . . . . . . . . . . . . . . . . 47

5.4 Image of VW Hyi in December 2011 obtained with XIS0 (upper left), XIS1

(upper right) and XIS3 (lower left). Magenta circles show source area, and

green annuli show background area. . . . . . . . . . . . . . . . . . . . . . . . 51

6.1 Correlation diagram of reduced chi-squared (χ2) obtained from CEVMKL and

VMCFLOW models. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

6.2 Correlation diagram of maximum temperature (Tmax) calculated from CEVMKL

and VMCFLOW models. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

viii



6.3 Correlation diagram of bolometric luminosity (Lbol) calculated from CEVMKL

and VMCFLOW models. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

6.4 Simultaneous fit of CEVMKL model to XMM-Newton spectra of MOS1 (black),

MOS2 (red) and pn (green). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

6.5 Simultaneous fit of CEVMKL model to XMM-Newton spectra of MOS1 (black),

MOS2 (red) and pn (green). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

6.6 Simultaneous fit of CEVMKL model to XMM-Newton spectra of MOS1 (black),

MOS2 (red) and pn (green). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

6.7 Simultaneous fit of CEVMKL model to XMM-Newton spectra of MOS1 (black),

MOS2 (red) and pn (green). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

6.8 VW Hyi spectra of XMM-Newton (seq. #0111979301) and Suzaku (seq. #406009020,

406009030, 406009040). Tick marks of insets indicate energies of iron Kα

emission lines from neutral, He-like, and hydrogen-like ionization states. Note

that ordinate range of XMM-Newton main frame is different from that of Suzaku. 66

6.9 Simultaneous fit of the VMCFLOW model to the Suzaku and XMM-Newton spec-

tra. Interstellar absorption and the reflection are considered with the models

TBABS ((NH fixed at 6 × 1017 cm−2; see Polidan et al. 1990) and REFLECT. . 68

6.10 Examples of SS Cyg spectra of XMM-Newton, Suzaku and NICER. Tick marks

of insets indicate energies of iron Kα emission lines from neutral, He-like, and

hydrogen-like ionization states. . . . . . . . . . . . . . . . . . . . . . . . . . 70

6.11 Simultaneous fit of VMCFLOW model to SS Cyg spectra of XMM-Newton,

Suzaku and NICER. Tick marks of insets indicate energies of iron Kα emis-

sion lines from neutral, He-like, and hydrogen-like ionization states. . . . . . . 71

6.12 Simultaneous fit of VMCFLOW model to SS Cyg spectra of NICER. Tick marks

of insets indicate energies of iron Kα emission lines from neutral, He-like, and

hydrogen-like ionization states. . . . . . . . . . . . . . . . . . . . . . . . . . 72

7.1 X-ray bolometric luminosities evaluated with CEVMKL model versus orbital

period of our sample. Data points are displayed in different colors sorted

by white dwarf mass (MWD) in table 5.1; black is MWD ≥ 1.0M⊙, red is

1.0M⊙ > MWD ≥ 0.8M⊙, blue is 0.8M⊙ > MWD, orange represents ob-

jects with no white dwarf mass data. . . . . . . . . . . . . . . . . . . . . . . . 76

ix



7.2 Orbital period versus mass accretion rate (Ṁ) of boundary layer observed with
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CHAPTER 1

Introduction

A Star evolves from a cloud of gas through a protostar to a main-sequence star that burns
hydrogen in a stable manner. In the interior of the main-sequence star, exothermic nuclear
reaction occurs to convert hydrogen to helium, forming a central core of helium and an outer
shell of burning hydrogen. When the helium core undergoes gravitational contraction and
releases energy, the outside of the hydrogen-burning shell expands with energy from both the
core and the shell. As the gas continues to expand, the bare core of carbon and oxygen becomes
a white dwarf. The white dwarf does not glow brightly because thermonuclear reaction does
not occur in it. However, in a close binary system, where the main-sequence star orbits very
close to the white dwarf, the gas on the surface of the main-sequence star is extracted by the
gravity of the white dwarf and accretes on it. This phenomenon is called mass accretion, and
this process makes the white dwarf shine brightly. The mass accretion increases the mass of
the white dwarf, and when it reaches 1.4 solar masses, a Type Ia supernova explosion occurs.
In most cases, the mass accretion occurs via an accretion disk that extends around the white
dwarf. The gas in the accretion disk rotates around the white dwarf at the local Keplerian
velocity. Since they rotate at different speeds at different radii, they are heated by the friction
between neighboring gases in the radial direction and radiate blackbody emission at the local
temperature. However, the accretion process, especially from the inner edge of the accretion
disk to the white dwarf, is not understood completely. In this thesis, we focus on a dwarf nova,
a type of cataclysmic variables, in order to understand the mass accretion process from the disk
to the white dwarf.

A cataclysmic variable is characterized by large variation in brightness on a time scale of
seconds to years. The variation in brightness is due to the rate of mass accretion varying with
time. The dwarf nova is one of the most populated types of the cataclysmic variable. The
dwarf novae are close binary systems consisting of a low magnetic white dwarf and a late-type
main-sequence star. In the dwarf novae, outbursts that last from a few days to a few weeks are
regularly recurring on time scales of about 10 days to decades. The enhancement of brightening
is 2 to 5 magnitudes in the V-band, which is much smaller than that of a nova explosion. Since
the first discovery of the dwarf nova ”U Gem” by J. R. Hind in 1855, more than 400 dwarf
novae are known to the present day. However, the cause of the outburst of the dwarf novae
has remained unknown for more than 100 years since the first discovery. After a long debate
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since the 1970s, it is now widely accepted that the outburst is caused by the thermo-viscous
instability in the outer region of the accretion disk. According to this model, there are two
stable states at the outer edge of the disk: a neutral hydrogen state at a temperature of ∼ 103

K and an ionized hydrogen state at a temperature of ∼ 104 K. When the state of the disk shifts
from a low temperature to a high temperature, the viscosity of the gas filling the disk increases
and the mass accretion rate onto the white dwarf increases rapidly, which is the cause of the
outburst (Smak 1984c, Osaki 1996, Lasota 2001).

In dwarf novae, the accretion disk reaches near the white dwarf. The rotation velocity
of a white dwarf is observationally found not more than 1/3 of the Keplerian velocity on the
white dwarf’s surface. Therefore, there formed a boundary layer between the inner edge of the
accretion disk and the surface of the white dwarf, where the gas in the disk is decelerated from
the local Keplerian velocity to the rotation velocity of the white dwarf. When the Keplerian-
rotating gas collides with the surface of a white dwarf, it causes much stronger frictional forces
than in the disk. The temperature of the boundary layer in quiescence is 108 K, and the optically
thin thermal plasma that emits X-rays of about 10 keV. During outburst, on the other hand,
the mass accretion rate to the white dwarf increases, and the boundary layer with increased
density becomes optically thick. Since the cooling efficiency is proportional to the square of
the particle density, the temperature of the boundary layer decreases to 105 K, emitting soft X-
rays and EUV bands (Pringle 1977). The first suggestion of this phase transition was obtained
from a series of observations by the EXOSAT satellite (Jones and Watson 1992), and was
finally established by the simultaneous optical, EUV, and X-ray observations of Wheatley et al.
(2003).

The structure of the disk has been studied in visible light for many years, and there is a vast
accumulation of results. On the other hand, X-rays, which are mainly emitted during quiescent
state, are difficult to observe because they are absorbed by the Earth’s atmosphere. Hence,
the boundary layer has been less understood than in optical.. In this study, we attempted to
reveal the physical condition of the boundary layer, such as the geometric structure, temperature
distribution, and gas supply to the WD, using X-ray observation data of dwarf novae in the
quiescent state. For this purpose, we analyze the data of dwarf novae observed by the three
X-ray astronomy satellites, XMM-Newton, Suzaku and NICER. XMM-Newton has observed 19
dwarf novae with a total of 25 data in the quiescent state. By analyzing 0.5-10.0 keV X-ray
data, the structure of the boundary layer is explored in a unified approach. Suzaku and NICER

have observed several times the two dwarf novae VW Hyi and SS Cyg. Therefore, it is expected
to make it clear the time evolution of the boundary layer during quiescence.

This thesis is organized as follows. In Chapter 2, we review the mass transfer process of
binary systems and the radiative mechanisms of the dwarf novae. In Chapter 3, we introduce
the X-ray emission mechanism of optically thin thermal plasmas and the models used to eval-
uate the X-ray spectra in order to understand the X-ray spectra observed from dwarf novae. In
Chapter 4, we characterize the scientific instruments onboard the three X-ray astronomy satel-
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lites. In Chapter 5, we describe the observation log of each satellite and the data reduction
procedures we applied. In Chapter 6, we present the results of our analysis. In Chapter 7, we
discuss correlation of physical parameters of the quiescent boundary layer based on the results
of X-ray spectra evaluation, and the time variation of mass accretion rate in the boundary layer.
Finally, Chapter 8 summarizes conclusions of this thesis and describes future prospects.
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CHAPTER 2

Review of Dwarf Nova

Dwarf nova (DN) is a type of non-magnetic cataclysmic variables (CVs). CV is a close binary
system composed of a white dwarf (primary star) and a late-type main sequence star (secondary
star) (Warner 2003). When the secondary fills up its Roche lobe, matter is transferred from
the secondary to the white dwarf by the strong gravitational field. Mass accretion onto the
white dwarf releases a large amounts of gravitational energy. Utilizing this energy, , CVs emit
electromagnetic waves ranging from infrared to X-ray wavelengths. In this chapter, we describe
the mass transfer of binary systems and the radiative mechanisms of DN.

2.1 Close binary system

2.1.1 Roche Lobe geometry

In a close binary system, the primary and secondary stars orbit each other around a common
center of gravity. From Kepler’s third law, the orbital period is given by

Porb =

√
4π2a3

G (M1 + M2)
(2.1a)

or
a = 3.53 × 1010

(
M1

M⊙
)
(1 + q)1/3P2/3

orb (h) cm (2.1b)

where a is the length of the semi-major axis of the binary stars and M1 and M2 are the masses of
the primary and secondary stars, respectively, q is the mass ratio M2/M1. Then the centrifugal
force due to the rotational motion affects the gravitational field around the stars. Figure 2.1
shows the Cartesian coordinate system (x, y ,z) rotating with the binary system, with origin at
the primary star, where the x-axis lies along the line connecting the two star centres, the y-axis
is in the direction of orbital motion of the primary and the z-axis is perpendicular to the orbital
plane. The effective potential, that is the sum of the gravitational potentials of the two stars and
that of the centrifugal force, is given by Kruszewski (1966), Pringle and Wade (1985), Frank
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et al. (2002) as

ΦR = − GM1

(x2 + y2 + z2)
1/2 −

GM2

[(x − a)2 + y2 + z2]1/2
− 1

2
Ω2

orb

[(
x − M2

M1 + M2
a
)2

+ y2

]
,

(2.2)
where Ωorb = 2π/Porb. From eq.2.1 and 2.2,

ΦR =
GM1

a
F
(x

a
,

y
a

,
z
a

, q
)

. (2.3)

The effective equipotentials ΦR are known as the Roche potentials. Their shape is a function
only of q and their scale is determined by a. Figure 2.1 shows the shape of the equipotential
contours on the orbital plane for q = 0.4. There are five points where the gravitational and
centrifugal forces of the main star and its companion are balanced. These equilibrium positions
are called Lagrangian points. The Lagrange point L1−3 is on the same straight line, with L1

between the two stars, L2 behind the less massive star, and L3 behind the other star. Note that
the L1 is different from the center of gravity of the binary system. L4,5 is the local maximum of
ΦR, and is in a position to form an equilateral triangle with the centers of gravity of both stars.
The three dimensional equipotential surface that passes through L1 is known as Roche lobe.

A binary system is categorized according to relative sizes of the two stars and their Roche
lobes: a detached binary when both stars are within the Roche lobe, a semi-detached binary
when only one of the stars contacts to its Roche lobe, and a contact binary when both stars
contact and even spill out of their Roche lobes. If the secondary expands and its surface fills
the Roche lobe, the mass transfer occurs to the primary via L1. An empirical law of the radius
of the lobe-filling secondary is established by Eggleton (1983) as

R2

a
=

0.49q2/3

0.6q2/3 + ln(1 + q1/3)
. (2.4)

From eq. 2.1 and 2.4, the mean density of secondary (ρ̄2) is given by

ρ̄2 =
M2

4
3 πR3

2
= 107 P−2

orb(h) [g · cm−3] (2.5)

For 1 < Porb < 10 h, Eq.2.5 shows that a typical low-density main sequence stars (ρ ∼ 1–
100 g cm−3 : Allen (1976)) can fill their Roche lobes. Any system with Porb > 10 h must
contain an evolved secondary.

If the secondary is a low-mass main sequence star, we can use the empirical mass-radius
relation by Patterson (1984),

R2

R⊙ = 0.98
(

M2

M⊙
)

0.8 ≤ M2

M⊙ ≤ 1.4 (2.6a)
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Fig. 2.1 Sections in orbital plane of Roche equipotentials for binary system with mass ratio
q = 0.4. L1−5 is Lagrange points (野本 et al. 2009).
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R2

R⊙ =

(
M2

M⊙
)0.88

0.1 ≤ M2

M⊙ ≤ 0.8. (2.6b)

Assuming that q = 0.4 and M1 = 1 M⊙, eq.2.6 gives the mass and radius of the secondary as

M2 = 0.07 P1.22
orb M⊙ (2.7)

R2 = 0.10 P1.07
orb R⊙. (2.8)

2.1.2 Mass-radius relation of the White Dwarf

Because the white dwarf have exhausted of nuclear fuel, its own gravity is supported by the
degenerate pressure of electrons instead of thermal pressure. Until some degree of compression,
the white dwarf remains stable due to non-relativistic degenerate pressure. The radius in this
state can be obtained from the pressures estimated by the equation of state for non-relativistic
degenerate matter and the equation of hydrostatic equilibrium, respectively (Hale 2008). The
former is the pressure provided by the electrons of a certain density ρ, given by

Pe =
1

20

(
3
π

)2/3 h2

me

(
ρ

µemp

)5/3

= 9.92 × 106
(

ρ

µe

)5/3

[N/m2]. (2.9)

The latter provides the central pressure which is essential for the star to stabilize against gravity

Pc = G
M2

R4 . (2.10)

If Pe and Pc are balanced, ρ is approximated to M/R3, and µe = 2, then

R
R⊙ ≈ 0.01

(
M

M⊙
)−1/3

. (2.11)

Therefore, the radius of the white dwarf is proportional to the -1/3 power of its mass. In DN,
the mass gradually increases as matter accretes from the secondary star to the white dwarf.
As the radius decreases according to eq.2.11, the density increases and the Fermi momentum
increases, so that the degenerate electrons are finally driven to a relativistic velocity. At this
point, the degenerate pressure of the relativistic degenerate material is

Pe =
1
8

(
3
π

)1/3

ch
(

ρ

µemp

)4/3

= 1.232 × 1010
(

ρ

µe

)4/3

[N/m2]. (2.12)

Since the index changes from 5/3 to 4/3, the increase in electron degeneracy pressure slows
down and it becomes impossible to support itself. The mass at which the white dwarf collapses
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is known as the Chandrasekhar mass limit, is represented,

Mch = 1.46
(

2
µe

)2

M⊙ −−→
µe=2

1.46M⊙. (2.13)

2.1.3 Mass transfer

In a semi-detached compact binary system, which contains a compact star such as a black hole,
a neutron star, or a white dwarf, the secondary usually fills the Roche lobe. Since the net force
working to the matter at L1 is zero (∂ΦR/∂x = 0), the gas is pushed out to the primary side
through L1 by the pressure of the secondary. The flow resembles the gas stream from the nozzle
to the vacuum. Details of the stream lines in L1 are given by Lubow and Shu (1975).

Since the binary system is rotating, the gas stream feels Coriolis effect and has angular
momentum with respect to the primary, thus rotating around it (Fig.2.2). The ring formed by
the gas has a finite radius and rotates differentially according to the local Keplerian velocity,

vK(r) =
(

GM1

r

) 1
2

. (2.14)

This shearing flow generates heat from the viscous process of the gas. As the heat energy is
released through radiation, the drained energy is complimented by the particles moving deeper
into the gravitational potential of the primary. At the same time some particles must move
outwards to conserve angular momentum. Thus the ring spreads and the disk is formed. With
the disk fully established, a shock-heated area called a bright spot is created when the gas
stream impacts the outer edge and shines brightly in the optical wavelength.

2.1.4 Accretion Disk

We derive equations of motion of the gas in the accretion disk. As the momentum of the gas
from the secondary is initially confined in the orbital plane in this section we will assume a
geometrically thin disk. As the gas in the disk approaches the primary, the gravitational field
of the secondary may be ignored. When the gas is in a circular motion, the angular velocity of
particles is given the local Keplerian value

ΩK(r) =
(

GM1

r3

) 1
2

, (2.15)

and has a local Keplerian velocity vK(r) = rΩK(r). Due to viscous shear between adjacent
annuli, the inner annulus transfers its angular momentum to the outer annulus, which raises the
radial drift velocity vrad(r, t) (Pringle 1981). We then define a surface density Σ(r, t), which
is the mass per unit area integrated in the z direction through the disk. The disk structure is
determined by the time-dependent equations obtained from conservation of the mass (2πr · δr ·
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Fig. 2.2 Schematic illustration of formation of accretion disk (Verbunt 1982).

Σ) and the angular momentum (2πr · δr · Σ · r2Ω), these are given,

∂Σ
∂t

=
1
r

∂

∂r
(rΣvrad) (2.16)

and
∂

∂t
(Σr2Ω) +

1
r

∂

∂r
(rΣvradr2Ω) =

1∂

r∂r

(
r3νkΣ

dΩ
dr

)
, (2.17)

where νk is the coefficient of effective kinetic viscosity of the gas. By eliminating vrad from
eq.2.16 and 2.17, the equation for the surface density as a function of time is given

∂Σ
∂t

= −1
r

∂

∂r

(
1

d(r2Ω)/dr
∂

∂r

(
νkΣr3 dΩ

dr

))
. (2.18)

If the disc is in a circular Kepler orbit, Ω ∝ r−3/2, eq.2.18 is simplified

∂Σ
∂t

=
3
r

∂

∂r

(
r1/2 ∂

∂r

(
νkΣr1/2

))
. (2.19)

This is the basic equation for the time evolution of surface density in a Keplerian disk. Eq.2.19
can be solved Pringle (1981) to show how the ring spreads out into a disk (Fig.2.3). Most of
the matter moves inwards to the primary by losing energy and angular momentum, while some
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matters move out to larger radii according to the conservation law of the angular momentum of
the disk. It results in Σ being able to change only on the viscous time scale tν(r) ∼ r2/νk.

19
81
AR
A&
A.
.1
9.
.1
37
P

Fig. 2.3 Viscous revolution of ring of mass m. Surface density Σ is shown as a function of
x = r/R0, where R0 is initial radius of ring, and dimensionless time τ = 12νktR−2

0 . (Pringle
1981).

If the mass transfer rate from the secondary to the disk changes on a time scale much longer
than tν, the disk settles in a steady state (∂Σ/∂t = 0). The mass conservation equation (2.16)
is then integrated to give the obvious result

Ṁ(d) = 2πr(−vrad)Σ (vrad < 0) (2.20)

To integrate eq.2.18 or 2.19, it is necessary to set boundary conditions at the inner and outer
edges of the disk. If the magnetic field is weak and does not affect the flow near the primary,
the disk extends to the surface of the white dwarf (r = R1). As the primary rotates with an
angular velocity Ω1 < ΩK(R1), there must exist a boundary layer that decelerates matter with
the local Keplerian velocity to match the rotation speed of the primary. Since the radial extent
of the boundary layer is expected to be very thin (≪ R1), the state of dΩ/dr = 0 occurs near
r = R1, where Ω = ΩK(R1). The inner boundary layer condition is given using eq.2.19 and
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2.20 by,

νkΣ =
Ṁ(d)

3π

(
1 −

[
R1

r

]1/2
)

, (2.21)

see Koen (1988) and Duschl and Tscharnuter (1991) for details. On the other hand, at the outer
boundary, it is assumed that tidal interaction drains the outward flow of the angular momentum.
The energy generation rate of viscous shear is

D(r) = νkΣ
(

r
dΩ
dr

)2

=
3GM1Ṁ(d)

4πr3

(
1 −

[
R1

r

]1/2
)

(2.22)

from eq.(2.15) and (2.21). This energy is radiated from both sides of the disk with a blackbody
radiation, 2σT4

eff(r), where Teff is the effective temperature and σ is the Stefan-Boltzmann
constant. Hence the radial temperature of the disk is given in

Teff(r) =

[
3GM1Ṁ(d)

8πσr3

(
1 −

[
R1

r

]1/2
)] 1

4

(2.23)

This equation shows that the surface temperature of a steady state accretion disk increases from
its outer edge to a maximum near the primary. If the disk has a typical Ṁ(d)(1016 − 1018 g
s−1), it is expected to emit ultraviolet light at ∼ 104 K at the inner edge near the white dwarf
and infrared light at ∼ 103 K at the outer edge of the disk.

Using Eq.(2.22), the total disk luminosity is

Ldisk =
∫ ∞

R1

D(r) · 2πrdr =
1
2

GM1Ṁ(d)
R1

. (2.24)

This is only one half of the total available accretion energy, since the total potential drop from
infinity to radius R1 is GM/R1. Thus, the rest of the accretion luminosity is emitted from the
boundary layer.

Optical thickness of the disk is related with its vertical structure. In the vertical (z) direction
of the disk, there is a hydrostatic equilibrium between the pressure gradient and the z-direction
component of the gravitational force of the primary star:

∂P
∂z

= ρ
∂

∂z

(
GM1

(r2 + z2)1/2

)
. (2.25)

For a thin disk (z ≪ r), and this becomes

∂P
∂z

= −ρ
GM1z

r3 . (2.26)
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If the typical scale height of the disk in the z-direction is H, we can set ∂P/∂z ∼ P/H and
z ∼ H. From P ∼ ρc2

s , where cs is the sound speed. Consequently, eq.2.26 gives

H =

(
r3

GM1

)1/2

cs

=
cs

ΩK(r)
(2.27)

or
H
r
=

cs

vK(r)
. (2.28)

Since the disk is geometrically thin (H ≪ r), the local Keplerian velocity is highly supersonic.
For an isothermal z-structure, the hydrostatic equation 2.26 would give

ρ(r, z) = ρc(r) exp
(
−z2

2H2

)
, (2.29)

where ρc(r) is the density in the central plane (z = 0) of the disk. Thus the density falls off
rapidly with height above the plane.

If the disk is optically thick in the z direction, as in the case of stellar atmospheres, eq. 2.26
must be solved simultaneously with the radiative transfer equation for the radiative flux F(z)
through the surface of the disk:

F(z) =
−16σT3(z)

3κRρ

∂T
∂z

, (2.30)

where κR is the Rosseland mean absorption coefficient. It is implicitly assumed in eq. 2.30 that
the disc is optically thick in the sense that

τ = ρHκR = ΣκR ≫ 1, (2.31)

so that the radiation field is locally very close to the blackbody emission. However, if τ ≤
1, although the radiation escapes more easily from the central plane region of the disk, the
emissivity of the gas is lower than that of a blackbody. Hence the gas temperature must be
higher than in the optically thick case.

The spectrum emitted by each element of area of the disk is approximated as follows

Iν = Bν(T(r)) =
2hν3

c2
1

exp(hν/kT(r))− 1
. (2.32)

The observed flux distribution of the disk as seen by an observer at a distance d is

Fν =
2π cos i

d2

∫ rd

R1

Iνrdr, (2.33)

12



where i is the inclination of the disk and rd is the radius of the disk, since a ring between radii
r and r + dr subtends solid angle 2πrdr cos i/d2. With the blackbody assumption, we get

Fν =
4πhν3 cos i

c2d2

∫ rd

R1

r
exp(hν/kT(r))− 1

dr. (2.34)

The flux given by eq. 2.34 is independent of the disk viscosity. This is a consequence of
both the steady state and blackbody assumptions. Conversely, observations of the steady state
disks cannot be used to investigate the nature of their viscosity. Shakura and Sunyaev (1973)
approach, which is still commonly in use, is to parameterize νk as

νk = αcsH, (2.35a)

= αH2ΩK(r) (2.35b)

which may be thought of as the viscosity generated by turbulent eddies of size H and turnover
speed αcs. For subsonic turbulence α < 1. The radial drift velocity is given by

vrad ∼ νk

r
= α

(
H
r

)
cs, (2.36)

which shows that the radial drift velocity is highly subsonic, and, from eq. 2.20

Ṁ(d) ∼ 2παΩK(r)H2Σ (2.37)

More realistic values of α (∼ 0.1) lead to optically thick disks except at low temperatures
( T ≲ 4000 K) in the inner regions (Tylenda 1981, Smak 1984a, 1992). With low Ṁ(d) and
α ∼0.02, as in DN at quiescence, only the region r < 1 × 1010 cm is optically thin.

2.1.5 Boundary layer

From the conservation laws of energy and angular momentum it can be shown (Kley 1991) that
the luminosity released in the boundary layer (BL) is

LBL = Ldisk

(
1 − Ω1

ΩK(R1)

)2

. (2.38)

When the primary rotates slowly (Ω1 ≪ ΩK(R1)), it becomes difficult to distinguish the lumi-
nosity between the disk and BL. Therefore, it can be expected that the luminosity characteristics
of BL depend on its optical thickness.

A schematic picture of the BL is show in Fig.2.4. If the BL is optically thick, the luminosity
is considered as a blackbody radiated in the region ∼ 2πR12H and diffused through a distance
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∼ H. The effective temperature of the BL for a non-rotating primary is then given by

4πR1HσT4
BL ≈ 1

2
GM1Ṁ(d)

R1
, (2.39)

assuming radiation pressure can be neglected. Therefore, the bulk of the radiation from the
optically thick BL appears in by the soft X-ray and EUV regions at ∼ 105 K.

White Dwarf
(primary)

Accretion
DiskH

H

Boundary Layer

Fig. 2.4 Schematic view of optically thick boundary layer (in plane perpendicular to plane of
disk).

If the BL is optically thin, the radiation is emitted directly from the shock front that formed
as the rotating gas collides with the surface of the primary. The temperature of the post-shock
gas is (e.g., Frank et al. (2002))

Tsh =
3

16
µmmH

k
v2

p

as long as the shock is strong enough, where vp is the pre-shock velocity, and when it collides
with the primary in a circular orbit,

Tsh =
3

16
µmmH

k
GM1

R1
(2.40)

= 1.85 × 108
(

M1

M⊙
)(

R1

109

)−1

K.

Thus an optically thin BL should radiate in hard X-rays, with energies = 20 keV. In an optically
thin gas at a temperature of 108 K, cooling occurs through bremsstrahlung. If the cooling time
tcool is longer than the adiabatic expansion time scale tad then the BL will expand to form a hot,
X-ray emitting corona (Pringle and Savonije 1979, King and Shaviv 1984, King 1986, Narayan

14



and Popham 1993).

2.2 Dwarf Nova

A dwarf nova (DN) is a subclass of CV. The DN shows an optical outburst with a recurrence
time of 10 days to decades (Fig.2.5). During the outburst, the DN becomes brighter than in
quiescence by a few to several magnitudes in the V-band. DN is classified into three major
subclasses based on the characteristics of the light curve during an outburst.

Fig. 2.5 Schematic view of Dwarf Nova. (Foreground) Secondary star. (Back) Accretion disk
and white dwarf in at center.
https://hubblesite.org/image/4622

U Gem type
In 1855, J.R. Hind discovered the first dwarf nova ”U Gem”, which is so famous and
typical that it becomes a subclass name of dwarf novae. U Gem-type shows only a
normal outburst.

Z Cam type
Z Cam-type DN causes occasional standstills about 0.7 magnitude below the maximum
brightness at the end of an outburst, in addition to the normal outburst. The standstill
keeps its brightness for tens of days to years.

SU UMa type
SU UMa-type DN shows not only the normal outburst but also a superoutburst. The
superoutburst is brighter in the optical band than the normal outburst by ∼ 1 mag at its
peak, and lasts for ∼ 7 − 10 days, longer than the normal outburst (a few days). During
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the super outburst, periodic photometric humps with an amplitude of 0.2–0.3 mag are
observed, called superhumps.

2.2.1 Thermal Instability

The accretion disc of the DN is bi-stable. One stable state corresponds to a low accretion-
rate state in which the temperature of the outer part of the disc is low (of order 103 K) and
hydrogen there is neutral. The other is a high accretion-rate state in which the outer part tem-
perature exceeds 104 K and the hydrogen is ionized. The former and the latter correspond to an
optically-quiescent state and an outburst state, respectively. Since the mass accretion rate from
the secondary is intermediate, the DN shows switching behavior between the two states due
to thermal instability associated with hydrogen ionization/recombination (Osaki 1974, Hōshi
1979, Meyer and Meyer-Hofmeister 1981). The thermal limit cycle of accretion disk is shown
in Fig.2.6. First, suppose that the accretion disk is in a low density and a low temperature state
A. At this state, the mass accretion rate from the disk to the primary is smaller than the mass
transfer rate from the secondary to the disk. As the gas is transferred from the secondary, the
density of the disk increases and is slowly heated. When the state of the disk reaches near point
B, the hydrogen begins to ionize at a certain temperature. Since the partially ionized state is
unstable, the hydrogen transitions to the fully ionized stable state C. At high temperatures, the
accretion disk becomes more viscous, and the matter in the disk accretes rapidly to the primary,
resulting in a gradual decrease in density. (section CD) When the density is sufficiently small,
the disk returns to quiescence (section DA).

2.2.2 Tidal Instability

The superoutburst that is observed in SU UMa type DN is caused by the tidal instability in
addition to the thermal instability of the accretion disk (Whitehurst 1988, Osaki 1989, Hirose
and Osaki 1990, Osaki 1996). Figure 2.7 illustrates the time evolution of the accretion disk
of SU UMa type DN. During the normal outburst, the disk mass continues to decline due to
accretion onto the white dwarf, but the total mass loss per outburst is smaller than the gain of
mass between the two outbursts. Hence the disk gradually gets heavier and extends outward.
In the normal outburst due only to the thermal instability, some matter accretes to the primary,
while the remaining matter moves to the outer edge to preserve the angular momentum of
the disk. When the radius of the disk reaches 0.47 times the distance between the binary
(a), so-called the 3:1 resonance is triggered in the disk and the orbiting secondary. The disk
deforms into an eccentric elliptical shape, causing tidal instability. The angular momentum in
the disk is transported to the orbital angular momentum of the binary system due to increased
viscosity caused by the thermal instability and the tidal friction caused by the tidal instability.
The matter accumulated in the disk collectively rushes to the primary and shows a large and
long brightening. This condition is met only for a low mass secondary with the mass ratio
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Fig. 2.6 Schematic diagram showing thermal limit cycle of disk.

q = M2/M1 < 0.25.
Figure 2.8 illustrates locations of each DN subtype in the plane between the orbital period

and the mass transfer rate from the secondary to the disk. CVs that cause thermal instability are
bounded by broken lines that divide Fig.2.8 into upper and lower parts. There are extremely
few CVs with orbital periods of 2.2 to 2.8 hours, which is called the periodic gap. On the other
hand, CVs are also known to have a correlation between the orbital period of the binary system
and the mass of the secondary. For CVs with orbital periods of less than 2 hours, the secondary
mass is estimated to be less than about 0.2 M⊙. Since the typical mass of a white dwarf is
0.8–1 M⊙, the observed SU UMa DN have orbital periods below the period gap is in good
agreement with the theoretical prediction.
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296 Y. Osaki [Vol. 81(B),

Fig. 3. Time evolution of an accretion disk in a supercycle based on the simplified form of the TTI model
(Osaki 1989). The model parameters used are those of VW Hyi, a prototype of SU UMa stars. From the top
to the bottom; (a) bolometric light curve, (b) the disk radius Rd in units of the binary separation A, (c) the
total disk mass Mdisk, normalized by the critical mass Mcrit above which the disk can be tidally unstable.

of the dwarf novae) based on the TTI model were
performed by Ichikawa, Hirose, and Osaki28) and
by Buat-Ménard and Hameury,29) basically confirm-
ing results by Osaki.8) Two-dimensional SPH (SPH:
“smoothed particle hydrodynamics” code) simula-
tions of superhumps and superoutbursts of SU UMa
stars were performed by Murray30) and Truss, Mur-
ray, and Wynn,31) confirming that the superoutburst
and superhump phenomenon is a direct result of the
tidal instability without need of any enhanced mass
transfer.

Some refinements to the basic TTI model were
later introduced by Hellier10) and by Osaki and
Meyer11) and these concern problems how superout-
bursts start and end, and will be discussed in the next
section. Despite these refinements the basic back-
bone of the TTI model has remained the same.

II. Double cycle nature of the superoutburst phe-
nomenon. The most important characteristics of the

superoutburst phenomenon is its double-cycle nature
(i.e., the short normal outburst cycle and the long
supercycle). The double cycle is understood in the
TTI model as a combination of two limit-cycles,
the ordinary thermal limit-cycle and a “tidal” limit-
cycle. It is well established that the short normal out-
burst cycle is due to the thermal limit cycle instabil-
ity based on the so-called S-curve. In the same sense,
the supercycle is understood in the TTI model as
due to the tidal limit-cycle instability in which the
tidal torques have a double-valued functional form
with a low tidal-torque branch of the ordinary circu-
lar disk and a high tidal-torque branch of the eccen-
tric precessing disk, shown schematically in Fig. 1b.
The disk makes transitions between these two states
discontinuously due to the 3 : 1 resonance instability.
This jump of the disk between circular and eccentric
form is understood as a kind of “phase transition”
and is the cause for the supercycle of the SU UMa

Fig. 2.7 Time evolution of accretion disk of SU UMa type DN by a numerical simulation (Osaki
2005). Top panel is bolometric light curve. Middle panel is disk radius Rd in units of binary
separation A. Bottom panel is total disk mass Mdisk normalized by critical mass Mcrit above
which disk can be tidally unstable.

Fig. 2.8 Diagram of CVs between orbital period and mass transfer rate from secondary to disk
(Osaki 2005).
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CHAPTER 3

X-ray emission from optically thin thermal plasma

Dwarf novae in quiescent state, where the mass accretion rate is low, emit X-rays from plasma
with temperatures higher than 108 K. The hot plasma is located in the “boundary layer”, defined
as a region between the innermost edge of the accretion disk and the white dwarf surface. In
this chapter, we describe the mechanism of X-ray emission from optically thin thermal plasmas
to understand the X-ray spectra observed from dwarf novae.

3.1 Collisional plasma

Plasma in which the inner core electrons of an atom are ionized or excited by collisions of free
electrons is called as collisional ionization plasma. There are four major atomic processes in
plasmas: ionizaion, recombination, excitation, and de-excitaion. In the collisional ionization
plasma, there are four types of ionization processes and their reverse processes, i.e., recombi-
nation processes. These four types are as follows:

− collisional ionization / three-body recombination,

− photoionization / radiative recombination,

− collisional excitation auto-ionization / dielectronic-recombination collisional de-excitation,

− photo-excitation auto-ionization / dielectronic recombination.

When the plasma density is sufficiently high and the plasma is in collisional ionization equi-
librium, the above ionization and recombination processes are perfectly balanced. However,
this balance does not hold for optically thin plasmas with electron density lower than 1014−16

cm−3. These cases are called coronal plasmas.

3.2 Coronal plasma

Coronal plasma is a sort of thermal plasma that satisfies all five characteristics described below.

1. The plasma is optically thin. Therefore, the radiation generated in the plasma is not
attenuated by itself and does not affect the energy level distribution of the atoms.
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2. The density of the plasma is sufficiently low, and the probability that atoms exist in
excited states is negligible compared to the ground state.

3. The energy lost from the plasma due to radiation is provided by non-radiative mechanical
heating (mainly by electron impact).

4. The energy distribution of electrons and ions in the plasma is represented by the Maxwell
distribution of common temperatures (kinetic thermal equilibrium).

5. The ionization distribution (i.e., the abundance ratio of each ionic species) for each ele-
ment is in a steady state and is determined by the balance between ionization and recom-
bination (ionization equilibrium).

3.3 Ionization distribution

Time development of the ionization distribution of any given species in a collisional ionization
plasma for the ion density NZ,z, where Z is the atomic number and z is the charge number, is
given by

1
ne

dNZ,z

dt
= NZ,z−1SZ,z−1 − NZ,z (SZ,z + αZ,z) + NZ,z+1αZ,z+1, (3.1)

where SZ,z is the ionization rate coefficient (cm3s−1) for the process of Zz → Zz+1, and αZ,z

is the recombination rate coefficient (cm3s−1) for the process of Zz → Zz−1. Both SZ,z and
αZ,z are functions of the electron temperature Te only.

According to the condition 2 in section 3.2, in coronal plasma, all ions are in their ground
state. Equation 3.1 is therefore a z + 1-dimensional vector equation that is much easier to
handle than in the general case, where the excitation state must also be considered (Masai
1984). Under ionization equilibrium (condition 5 in section 3.2), the ionization distribution of
the coronal plasma can be determined by setting zero on the left-hand side of eq. 3.1. Then the
relation between the neighboring ions can be described by the following equation,

NZ,z+1

NZ,z
=

SZ,z(Te)

αZ,z+1(Te)
, (3.2)

and thus we derive

NZ,0 = NZ

[
1 +

Z

∑
k=1

k−1

∏
j=0

(
SZ,j

αZ,j+1

)]−1

, NZ,k = NZ,0

k−1

∏
j=0

(
SZ,j

αZ,j+1

)
(k ≥ 1) , (3.3)

where NZ is the atomic density of the atomic number Z independent of the ion state (NZ =

∑z=Z
z=0 NZ,z).
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3.4 Ionization and recombination process of coronal plasma

To obtain the ionization distribution of coronal plasmas, we need to know the elementary pro-
cesses that should be included in SZ,z(Te) and αZ,z(Te). According to condition 1 (namely,
optically thin) in section 3.2, we can neglect the processes in which emitted photons are re-
absorbed, e.g., photo-ionization and photo-excitation auto-ionization. Also, since the plasma
is optically thin, there is no need to consider the effects of three-body collisions (“three-body
recombination” and “dielectronic-recombination collisional de-excitation”). A more detailed
description is given in references (Masai 1984, Arnaud and Rothenflug 1985, Mewe et al. 1985,
Arnaud and Raymond 1992, Porquet et al. 2001) and the references cited therein.

Two types of ionization and recombination processes contribute to the collisional ionization
rate coefficient (SZ,z(Te)) and the recombination rate coefficient (αZ,z(Te)). They are summa-
rized below and Table 3.1.

Collisional ionization
It is a process in which a bound electron of the ion Zz is ejected by a free electron impact
and the ionization degree is raised to Zz+1.

Collisional-excitation auto-ionization
Collisional-excitation is the process in which a bound electron of the ion Zz is excited
to a higher level by an electron collision. The asterisk in the Table 3.1 indicates that
the ion is in an more excited state. When the excitation energy exceeds the ionization
energy of other bound electrons, the excited electron can transfer its energy to one of
those electrons, which is emitted from the ion.

Radiative recombination
It is a process by which ion captures a free electron and releases excess energy as a
photon.

Dielectronic recombination
When an ion captures a free electron, the energy originally retained by the free electron
can excite one of the bound electrons and results in a doubly excited state. Then, the
ion is stabilized by either emitting one of the excited electrons (auto ionization) or radia-
tive decay. The latter is called dielectronic recombination. The emission line from this
process is called dielectron recombination satellite lines of Z(z−1)∗ and appears near the
long-wavelength (or low-energy) side of the Zz∗ resonance line.

The ionization distributions of oxygen, silicon, sulfur (Mazzotta et al. 1998), and iron
(Bryans et al. 2006) obtained by substituting SZ,z(Te) and αZ,z(Te) into eq.3.3 are shown in
Fig. 3.1 as a function of electron temperature. As the temperature of the plasma increases, ion-
ization proceeds. Neutral atoms are distributed at the lowest temperature, while fully ionized
ions are distributed at the highest temperature.
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Table 3.1 Ionization and recombination process

Atomic process Ionization state
Collisional ionization Zz + e− → Z(z+1) + 2e−

Auto ionization Zz + e− → Zz∗ + e− → Zz+1 + 2e−

radiative recombination Z(z+1) + e− → Zz + hν

Dielectronic recombination Z(z+1) + e− → Zz∗ → Zz + hν

0.
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1
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Fig. 3.1 Ionization distributions of oxygen, silicon, sulfur, and iron ions as function of temper-
ature.
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3.5 Line emission

3.5.1 Volume emissivity

The line emission is caused by atomic processes such as inner-shell ionization (II), (direct)
excitation (E), inner-shell excitation (IE), radiative recombination to excited states (RR), and
dielectronic recombination (DR). The volume emissivity jZ,z of the emission line associated
with a state transition occurring in an optically thin thermal plasma is given by (Mewe et al.
1985)

jZ,z =

(
NH

ne

)(
NZ

NH

)
n2

e

[
SII

z−1ηz−1 +
(

SE or IE
z + αDRS

z

)
ηz +

(
αRR

z+1 + αDR
z+1

)
ηz+1

]
,

(3.4)
where NH and NZ are the densities of hydrogen and the element of atomic number Z, re-
spectively. (NZ/NH) is the ratio of the element’s abundance relative to hydrogen. ηZ,z =

NZ,z/NZ is the ionization distribution obtained in section 3.3. SII
z , SE or IE

z , αRR
z and αDR

z are
the reaction rate coefficients for inner-shell ionization of ion Zz−1, excitation or inner-shell
excitation of Zz, and radiative and two-electron recombination of Zz+1, respectively. αDRS

z is
the reaction rate coefficient of recombination generating satellite lines that have small energy
separation from the ion Z+z emission lines.

3.5.2 Hydrogen-like and Helium-like Lines

The line emission is monochromatic radiation caused by the bound-bound transition of an elec-
tron between two different energy levels of an atom. The most common emission lines seen
in X-ray astronomy are characteristic X-rays from hydrogen-like (i.e. ions with a single elec-
tron) and helium-like (i.e. with two electron) elements with even atomic numbers from carbon
to nickel. Note that the use of the phrase “hydrogenic” when describing an ion with a single
electron should be avoided, as it can mean an ion modeled using the hydrogenic wave function.
According to atomic theory, the electrons in an atom or ion are bound to a “shell” whose prin-
cipal quantum number n starts from 1 and increases infinitely. Shells with quantum numbers
n = 1, 2, 3, and 4 are commonly referred to as K, L, M, and N shells, respectively. The Greek
letters are then used to indicate the difference of the principal quantum number of the transi-
tion, so that α, β, and γ refer to ∆n = 1, 2, and 3, respectively. Thus, the emission lines from
hydrogen-like ions are described as Kα (n = 2 → 1), Lγ (n = 5 → 2), and Mβ (n = 5 → 3),
respectively.1

The relationship between the ground state of the helium-like ion and the energy levels for
one electron at n = 2 is summarized in the Fig. 3.2. Here, the emission line due to the transition
from 1P1 and 3S1 to the ground state 1S0 are called a resonance line (w) and a forbidden line (z),

1For a hydrogen atom, transitions ending on the n = 1, 2, and 3 shells are described as Lyman, Balmer, and
Paschen series (usually shortened as Ly, H, and Pa). Therefore, the transitions are described as Lyα (n = 2 → 1),
Hγ (n = 5 → 2), and Paβ (n = 5 → 3), respectively.
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respectively, and the transitions from 3P2 and 3P1 to 1S0 are intercombination transition lines,
denoted by x and y, respectively (Gabriel and Jordan 1969, Gabriel 1972). However, since it
is difficult to clearly separate these four lines with the X-ray instrument used in this study, we
collectively refer to the emission lines from the n = 2 → 1 bound-bound transition as Kα

lines.

1S0

1S0

1P1

3P2 
1 
0

3S1

shell n=1 (ground)

two photon

shell n=2

1s2p

1s2p

1s2s

resonance (w)

forbidden (z)

1s2

intercombination
(x, y)

Fig. 3.2 Schematic diagram of energy level of helium-like ion. Solid downward arrow : radia-
tive transition, broken arrow : collision excitation.

The line-energy E of a photon absorbed or emitted in the transition between two energy
levels of principal quantum numbers n and n′ is given by,

E ∼ Ry · (Z − b)2
(

1
n2 − 1

n′2

)
. (3.5)

This is called Moseley’s law, where Ry is the Rydberg constant (= 13.60 eV), Z is the atomic
number of the element. b is a correction term representing the screening of nucleus charge by
the electrons that have nothing to do with the transition in question, which is 0 for hydrogen-
like, ∼ 0.4 for helium-like, and ∼ 1 for neutral emission lines.

3.6 Continuum emission

The continuum emissivity from optically thin thermal X-ray sources is given by Mewe et al.
(1986),

Pc(λ, T) = 2.051 × 10−22n2
e Gcλ−2T− 1

2 e
−143.9

λT [erg cm−3 s−1 Å−1] (3.6)
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where ne is the electron density [cm−3], T the temperature [MK], λ is given in Å. Gc is the av-
erage total Gaunt factor, including contributions from thermal bremsstrahlung (free-free emis-
sion), radiative recombination continuum (free-bound emission), and the two-photon decay. It
is written as the sum of the Gaunt factors of these three processes :

Gc = G f f + G f b + G2γ. (3.7)

Detailed calculations of the each Gaunt factor are given in Gronenschild and Mewe (1978).

Thermal bremsstrahlung (free-free emission)
Thermal bremsstrahlung occurs when free electrons are accelerated by the Coulomb
force as they move through the electric field created by ions and transition to different
free electron energy states. At T ≥ 108 K, most of the atoms are ionized, so the thermal
bremsstrahlung is dominant in the optically thin plasma emission.

Radiative recombination continuum (free-bound emission)
The radiative recombination continuum is emitted when a free electron is captured into a
vacant level of an ion. The energy of the emitted photon is the sum of the kinetic energy
of the free electron and the binding energy of the electron, and since the kinetic energy
of the free electrons is continuously distributed, the energy of the emitted photons is also
continuous. Also, the spectrum shows an edge at the energy corresponding to the binding
energy of the captured level.

Two-photon decay
If the angular momentum term of an excited state is the same as that of the ground state,
the excited state is relaxed via the two-photon decay. This is because the photon has
an angular momentum, and hence any transition that has no angular momentum change
is prohibited. One of the examples is the transition from 1s2s

(1S0
)

to (1s)2 (1S0
)

in
the He-like ion (Fig. 3.2). Normally, the electrons are transferred to the ground state
(1s) after transition from the 2s orbit to higher orbits by a further collisional excitation.
However, in the low-density limit, the probability of the second collision is small, so that
the transition is made by emitting two photons from the 2s orbit to the 1s orbit (orange
arrow in Fig.3.2). The sum of the energies of the two photons is equal to the energy
difference between the 2s and 1s orbits, but the energy of each photon is not uniquely
determined and thus a continuum spectrum is resulted.

3.7 Spectral model of X-ray emission

Given the elemental abundance and the rate of ionization, the expected emission spectrum
can be calculated by summing the spectral emissivity of the various radiative processes. Many
calculations have been performed on the expected radiation from such plasmas (Cox and Tucker
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1969, Tucker and Koren 1971, Raymond et al. 1976, Raymond and Smith 1977, Summers and
McWhirter 1979, Gaetz and Salpeter 1983, Mewe et al. 1985). The total cooling function from
the optically thin thermal plasma is shown in Fig 3.3. The plasma is assumed to be in steady
collisional ionization equilibrium with radiative cooling that balances the radiation-independent
heating sources. It is also assumed to have cosmic elemental abundances (Allen 1973). The
plotted quantity is the cooling function, which is calculated by the volume emissivity divided
by the electron and proton densities, Λ(T) ≡ ϵ(T)/(ne · nH). Below 2 × 107 K (kT ≲
1.7 keV), the main cooling mechanism is line emission, with a peak around 105 K due to strong
cooling from carbon and oxygen. Above 2 × 107 K, most ions are highly or fully ionized,
and the thermal bremsstrahlung primarily determines the cooling rate of the plasma. At this
temperature, heavy metals such as magnesium, silicon, sulfur, and iron are not fully ionized,
and Kα lines from the helium-like and hydrogen-like ions of these elements can be seen clearly.
Therefore, in this thesis, we look into the contribution of both thermal bremsstrahlung and line
emission from plasmas with a temperature range from 0.1 keV to a few tens of keV.

Fig. 3.3 Temperature dependence of cooling coefficient and its components for optically thin
plasma of cosmic abundances (Gehrels and Williams 1993).
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3.7.1 Multiple temperature plasma emission models

In dwarf novae, frictional heating of the disk matter forms a hot plasma in the boundary layer.
The matter is cooled via optically thin thermal plasma emission and eventually settled onto the
surface of the white dwarf. The appropriate model to describe such a plasma is the isobaric
cooling flow model. This model was originally developed in order to model the X-ray spec-
tra of cooling flows which was thought to operate in the central region of clusters of galaxies
(Mushotzky and Szymkowiak 1988). The cooling flow spectrum is obtained by summing the
isothermal plasma emission, described by the MEKAL model (Mewe et al. 1985, 1986, Kaas-
tra 1992, Liedahl et al. 1995), weighted inversely by the cooling function at that temperature
(Fabian 1994). The inverse weight indicates that the temperature with strong emissivity would
have relatively short duration in the temperature excursion of the cooling process. As the gas
with temperature T undergoes cooling under a constant pressure to (T − dT) by the X-ray
emission, the bolometric luminosity is given by,

dLcool = nenHΛ(T)dT =
5
2

Ṁ
µmH

kdT. (3.8)

Here, Ṁ is the accretion rate, µ is the mean molecular weight whose value in the ionized gas is
∼ 0.62, and k is the Boltzmann constant. However, since dLcool(ν) = nenHϵν(T)dV, (where
ϵν(T) is the spectral emissivity of the gas), the cooling spectrum is

Lcool(ν) =
5
2

Ṁ
µmH

∫ Tmax

0

ϵν(T)kdT
Λ(T)

. (3.9)

This model is commonly used as VMCFLOW in XSPEC (Arnaud 1996).
The other multiple temperature plasma model is CEVMKL. In the CEVMKL model, the

differential emission measure is represented by a power-law function of temperature for the
MEKAL model. The emission measure is often defined as

EM =
∫

nenHdV. (3.10)

The spectrum is given by

d (EM) ∝
(

T
Tmax

)α

d (log T) ∝
(

T
Tmax

)α−1

dT, (3.11)

where α is a power-law index that represents the deviation from the isobaric flow.
The VMCFLOW and CEVMKL models include emission lines from 13 different elements: C,

N, O, Ne, Na, Mg, Al, Si, S, Ar, Ca, Fe and Ni. These lines are produced by the excitation
processes: electron impact, two-electron recombination, and inner-shell excitation. The inten-
sity of the line determines the abundance of the corresponding element. Figure 3.4 shows two

27



examples of CEVMKL model with the maximum temperature of 1 keV and 20 keV. As the
temperature of the plasma increases, light elements such as C, and N are completely ionized
and are unable to emit lines. We can determine the plasma temperature both by the shape of
the continuum emission and by the relative intensity of the emission lines from each element.
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Fig. 3.4 Spectra of multiple temperature model (CEVMKL) with maximum temperature of 1.0
keV (left) and 20.0 keV (right).

3.7.2 Reflection of the Plasma emission

Since the boundary layer plasma is formed in contact with the white dwarf surface, a significant
fraction of its X-rays irradiates cool material, such as the accretion disk and the white dwarf
surface, and some of these X-rays are reflected off into space. The reflection rate is energy-
dependent: in the low energy side, the scattering probability decreases with decreasing energy
due to photoelectric absorption by the cold matter. In the high energy side, on the other hand,
the number of reflected photons decreases due to Compton down-scattering and a decrease
in the scattering cross-section. The reflection spectra thus produced have a broad “bump”
structure centered at around 30 keV. In addition, the reflection spectra below 10 keV show
significant features of iron K-edge absorption and associated Fe Kα fluorescence lines whose
energy and intensity are a function of the ionization state and iron abundance of the reflecting
matter (Lightman and White 1988, George and Fabian 1991, Matt et al. 1991). George and
Fabian (1991) theoretically calculated the equivalent width of the fluorescent iron Kα line,
assuming the point source to be on an infinite slab (Ω = 2π). The equivalent width depends
on the following parameters: inclination angle i, between the normal of the reflector and the
observer’s line of sight, photon index of the spectrum of the illuminating point source, and
iron abundance of the reflecting surface. For the model spectrum, we adopt the XSPEC model
REFLECT (Magdziarz and Zdziarski 1995). Figure 3.5 shows an example of the spectrum of a
dwarf nova. It consists of three main components: (1) a multi-temperature plasma component
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with a maximum temperature of 20 keV and α = 0, (2) its reflection from the white dwarf (and
the accretion disk) with a solid angle 2π and an inclination angle 60◦, and (3) the fluorescent
iron emission line at 6.4 keV.
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Fig. 3.5 Example of the energy spectra of dwarf novae (black solid line). Dotted line shows
the plasma emission. Dashed line shows the reflection, and red solid line indicates the iron
fluorescence line at 6.4 keV.

3.7.3 Definition of Solar Abundances

The XSPEC package has some sets of solar abundance tables ready for use along with the
plasma emission and photoelectric absorption models. Here we adopt Anders and Grevesse
(1989) values for the solar abundances of the elements throughout this thesis. Anders and
Grevesse (1989) compiled the abundance table based on the C1-type chondrites and solar pho-
tosphere with critical examination of the differences between them. The solar abundance values
are shown in Table. 3.2.
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Table 3.2 Definition of solar abundance in relative to hydrogen number at Anders and Grevesse
(1989).
https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node117.html

Element Relative abundance [/ZH]
H 1.00
He 9.77 × 10−2

C 3.63 × 10−4

N 1.12 × 10−4

O 8.51 × 10−4

Ne 1.23 × 10−4

Na 2.14 × 10−6

Mg 3.80 × 10−5

Al 2.95 × 10−6

Si 3.55 × 10−5

S 1.62 × 10−5

Ar 3.63 × 10−6

Ca 2.29 × 10−6

Fe 4.68 × 10−5

Ni 1.78 × 10−6
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CHAPTER 4

Instrument

In this thesis, we utilized three different X-ray satellites, XMM-Newton, Suzaku and NICER.
We introduce the basic properties and performance of these satellites.

4.1 XMM-Newton

X-ray Multi-Mirror Mission ”XMM-Newton” (Jansen et al. 2001) was launched by the Euro-
pean Space Agency (ESA) on December 10th 1999. The satellite was thrown into the highly
elliptical orbit, with a perigee of 6,000 km and an apogee of 115,000 km with a period of 47.88
hours (Fig.4.1). In this orbit, the satellite can observe any given target continuously for a long
time because the time that the target is hardly eclipsed by the earth. Also, the minimum satellite
elevation that XMM-Newton can observe is 46,000 km, but only if the radiation background is
low enough. To make observation in the X-ray band of 0.1–15 keV, XMM-Newton has three
X-ray mirrors and X-ray CCD cameras. In addition to the CCD cameras, XMM-Newton is
equipped with a grating spectrometer (Reflective Grating Spectrometer: RGS). However, we
do not explain the RGS because we do not use any data taken with the RGS.

4.1.1 X-ray mirror

X-rays are totally reflected when incident on the reflector surface at a grazing angle smaller than
the critical angle (∼1◦). X-ray mirrors of XMM-Newton have adopted the Wolter type-I optic,
in which the primary and secondary mirrors are a paraboloid and a hyperboloid, respectively
(Wolter 1952) (see Fig.4.2). The optic collects the X-rays by the total reflection once on each
mirror stage. In this mirror, 58 reflectors in total, whose substrates are as thin as 0.47–1.07
mm, are nested confocally and coaxially. The reflector uses a nickel substrate coated with gold.
The weight and diameter of one mirror module are 440 kg and 70 cm, respectively. There are
three identical X-ray mirrors with a focal length of 7.5 m. The ground calibrations of X-ray
mirrors were made at the PANTER test facility of the Max-Plank-Institut für extraterrestrische
Physik (Gondoin et al. 1998a,b). The angular resolution estimated from half energy width of
the Point-Spread Function (PSF)s is ∼ 15 arc seconds. The effective areas are typically 1475
cm2 at 1.5 keV and 940 cm2 at 6.0 keV.
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Fig. 4.1 Elliptical orbit of XMM-Newton.
https://xmm-tools.cosmos.esa.int/external/xmm_user_support/
documentation/uhb/orbit.html

Fig. 4.2 X-ray mirror of XMM-Newton.
https://www.cosmos.esa.int/web/xmm-newton/
technical-details-mirrors
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4.1.2 European Photon Imaging Camera (EPIC)

XMM-Newton has three X-ray CCD cameras, which are called European Photon Imaging Cam-
era (EPIC). All EPIC CCDs operate in the photon counting mode with a field of view of 30 arc
min in an energy range from 0.2 to 12 keV. The intrinsic energy resolution of the pixels allows
for simultaneous imaging and non-dispersive spectroscopy.

EPIC are composed of two different type CCD cameras: Metal Oxide Semiconductor
(MOS) CCD arrays (Turner et al. 2001) and CCD camera called pn (Strüder et al. 2001).
EPIC-MOS consists of 7 front-illuminated CCDs (Fig. 4.3). The central chip (CCD1) is at
the focal point on the optical axis of the mirror. XMM-Newton is equipped with two MOS cam-
eras, called MOS1 and MOS2. Each CCD has a format of 600 × 600 pixels with a size of 40
µm. To minimize the dead space, adjacent CCDs are stepped by about 1 mm to overlap by 300
µm (see Fig.4.3). In XMM-Newton, the part of focused X-ray from the mirror to the MOS is
intercepted by the Reflection Grating Assembly (RGA). Thus, MOS receives 44 % of the light
collected by the mirror, and the rest is collected by the RGS.

EPIC-pn consists of 12 back-illuminated CCDs (Fig.4.4). Three pn-CCDs are combined to
form quadrants. Each CCD has a format of 200 × 64 pixels with a size of 150 µm. However,
the first 12 rows at the readout-node are not transmitted to ground, the total imaging area of
EPIC-pn is 376 × 384 pixels.

4.1.3 Operating mode of EPIC

The EPIC-MOS and pn allow several modes of data acquisition depending on the brightness
of the celestial body and the purpose of the observation. The characteristics of the modes are
summarized in Table 4.1. Note that in the case of MOS the outer 6 CCDs remain in the standard
full-frame imaging mode while the central MOS CCD1 can be operated separately. Thus all
CCDs are gathering data all the time, independent of the choice of the 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, while just one single CCD (CCD number 4 in Fig. 4.4)
is operated for Small Window, Timing and Burst mode. In timing mode, imaging is made only
in one dimension, along the column axis. Along the row direction, data from a predefined area
on the CCD chip are collapsed into a one-dimensional row to be read out at high speed.

4.1.4 Filters and effective area

Because the EPIC cameras are sensitive to infrared, visible, and ultraviolet light as well as X-
ray, the cameras have an aluminized optical blocking filter in front of the cameras. To reduce
the contamination, each EPIC camera is equipped with three separate sets of filters: thick,
medium, and thin. The thick filter is made of polypropylene with a thickness of 3300 Å with
1100 Å of aluminum and 450 Å of tin deposited on the film. This filter is used when the
expected contaminant flux from the target affects the energy scale and energy resolution of the

33



Fig. 4.3 (Top) Photo of EPIC-MOS camera.
https://www.cosmos.esa.int/web/xmm-newton/
technical-details-epic
(Bottom) Layout of EPIC-MOS camera for MOS1 (left) and MOS2 (right).
https://xmm-tools.cosmos.esa.int/external/xmm_user_support/
documentation/uhb/moschipgeom.html
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Fig. 4.4 (Left) Photo of EPIC-pn camera.
https://www.cosmos.esa.int/web/xmm-newton/
technical-details-epic
(Right) Layout of EPIC-pn camera.
https://xmm-tools.cosmos.esa.int/external/xmm_user_support/
documentation/uhb/pnchipgeom.html

Table 4.1 Chastaristics of EPIC operating modes.

EPIC-MOS (one CCD) Time resolution Live time † Max count-rate
1 pixel = 1.1” [ % ] at point source [s−1]

Full Frame (600 × 600) 2.6 s 100.0 0.50
Large Window (300 × 300) 0.9 s 99.5 1.5
Small Window (100 × 100) 0.3 s 97.5 4.5

Timing (100 × 600) 1.75 ms 100.0 100
EPIC-pn Time resolution Live time † Max count-rate

1 pixel = 4.1” [%] at point source [s−1]
Full Frame (376 × 384) 73.4 ms 99.9 2

Extended Full Frame (376 × 384) 199.1 ms 100.0 0.3
Large Window (198 × 384) 47.7 ms 94.9 3
Small Window (63 × 64) 5.7 ms 71.0 25

Timing (64 × 200) 0.03 ms 99.5 800
Burst (64 × 180) 7 µs 3.0 60000

† Ratio between the time interval during which the CCD is collecting X-ray events (integration time, including
time needed to shift events towards the readout) and the frame time (which in addition includes time needed for
the readout of the events).
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Fig. 4.5 Images with different operating modes for EPIC-MOS. Top left: Full Frame mode;
top right: Large Window mode; bottom left: Small Window mode, and bottom right: Timing
mode. (SOC 2020)
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Fig. 4.6 Images with different operating modes for EPIC-pn. Top left: Full Frame and Extended
Full Frame mode; top right: Large Window mode; bottom left: Small Window mode, and
bottom right: Timing mode. (SOC 2020)
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EPIC. It is recommended to use this filter if the apparent optical magnitude mV of the target is
in the range +1 to +4 for the MOS and −2 to +1 for the pn. Medium filter is made of polyimide
film with a thickness of 1600 Å with 800 Å aluminum deposit of one side. This is necessary
to prevent optical contamination from bright point sources whose mV is in the range +6 to +9.
Thin filter is made of the same material as medium filter, but has an aluminum deposit of 400
Å. This is limited to be used for point sources whose optical brightness is about 12 magnitude
darker than the target to be observed through the thick filter. Figure 4.7 shows the effective area
of both types of EPIC camera using the different filters. The observer need to select the filter
which maximizes the scientific return from the target of interest.

Fig. 4.7 EPIC effective area when applying different filters (Left : MOS, Right : pn).
https://www.cosmos.esa.int/web/xmm-newton/
technical-details-epic

4.2 Suzaku

The Japanese 5th X-ray astronomy satellite ”Suzaku” (Mitsuda et al. 2007) was launched
by the Institute of Space and Astronautical Science of Japan Aerospace Exploration Agency
(ISAS/JAXA) on July 10th, 2005. The satellite was thrown into a circular orbit with an altitude
of 568 km, an inclination of 31.9 degrees for with a period of 96 minutes. Compared to XMM-

Newton, one of the major features is that the orbit is enveloped by the earth’s magnetosphere,
and hence the detector noise caused by cosmic rays can be kept low. Suzaku covers a wide en-
ergy band (0.2–700 keV) with high sensitivity. The soft X-ray band of 0.2–12 keV is covered
with four soft X-ray mirrors and X-ray imaging spectrometers. The hard X-ray band (10–600
keV) is observed with a hard X-ray scintillating instrument. The science operation of Suzaku is
terminated on August 26, 2015.
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4.2.1 X-ray Telescope (XRT)

The X-ray Telescope (XRT) (Serlemitsos et al. 2007) onboard Suzaku is an X-ray mirror with
an aperture of 40 cm and a weight of 19.5 kg (see Fig.4.8). There are four X-ray mirrors with
a focal length of 4.75 m. The XRT is of the Wolter type-I optic and consists of 175 pairs
of reflectors being nested confocally and coaxially. The reflector uses an aluminum substrate
with a mirrored surface formed by the replica method. The substrate thickness is 155 µm. The
angular resolution of the XRTs ranges from 1.8 to 2.3 arc min expressed in half power diameter.
The effective areas are typically 440 cm2 at 1.5 keV and 250 cm2 at 8.0 keV.

Fig. 4.8 XRT : X-ray mirror of Suzaku.
https://heasarc.gsfc.nasa.gov/docs/suzaku/gallery/instruments/
xrt.html

4.2.2 X-ray Imaging Spectrometer (XIS)

Suzaku has four X-ray CCD cameras which are called the X-ray imaging spectrometer (XIS)
(Koyama et al. 2007). Each CCD has a format of 1024×1024 pixels with a size of 24 µm, and
covers a square area with 17.8 arc min on a side. The four XISs are called XIS0, 1, 2, and 3,
respectively, with XIS1 being a back-illuminated CCD and the others being front-illuminated
CCDs. The effective area of the XRT+XIS system is 340 cm2 (FI) and 390 cm2 (BI) at 1.5 keV
and 350 cm2 (FI) and 100 cm2 (BI) at 8.0 keV (Fig.4.9). Due to an apparent micrometeorite
impact, the observation of XIS2 had been impossible since November 9, 2006 (Dotani and
Suzaku Team 2008). For the same reason, a part of XIS0 had become unusable since June 23,
2009 (Fig.4.10).
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Fig. 4.9 (Left) Photo of X-ray imaging spectrometers (XIS).
https://heasarc.gsfc.nasa.gov/docs/suzaku/gallery/instruments/
xis.html
(Right) Effective area of XRT+XIS system.
https://heasarc.gsfc.nasa.gov/docs/suzaku/gallery/performance/
xis_area.html

Fig. 4.10 Field of view of XIS.
https://heasarc.gsfc.nasa.gov/docs/suzaku/prop_tools/suzaku_
td/node10.html
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4.2.3 Hard X-ray Detector (HXD)

The Suzaku is equipped with the non-imaging hard X-ray detector (HXD) (Takahashi et al.
2007). The background from cosmic rays and that intrinsic to the detector are larger in the hard
X-ray band, and it is very important to reduce these backgrounds. The structure of the HXD
is shown in Fig.4.11. There are 16 well-type phoswich counters (Well Unit) surrounded by 20
Bismuth Germanate (BGO) crystal anti-counters (Anti Unit). The main detector of the Well
Unit consists of a PIN silicon diodes (2mm thick) and a Gadolinium Silicate (GSO) scintillator
(5mm thick) overlaid. X-rays with the energy of 10–50 keV are detected in a PIN diode,
while X-rays with the energy range of 40–700 keV are detected in the underlying GSO, which
penetrate the PIN. A deep well-shaped BGO crystal scintillator is used for the shield around the
main detector. Background (γ-rays and charged particles) and X-rays incident from outside the
field of view are efficiently removed by anti-coincidence measurements of the main detector
and BGO.

Fig. 4.11 (Left) Photo of hard X-ray detector (HXD).
https://heasarc.gsfc.nasa.gov/docs/suzaku/gallery/instruments/
hxd.html
(Right) Schematic picture of HXD.
https://heasarc.gsfc.nasa.gov/docs/suzaku/analysis/abc/node10.
html

4.3 NICER

The Neutron star Interior Composition Exploler ”NICER” (Arzoumanian et al. 2014) was
launched by NASA the on June 3rd, 2017, and mounted on International Space Station (ISS) on
June 16th, 2017. Major characteristic of NICER is high-precision time-resolved spectrometry
in the 0.2–12 keV X-ray band.
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4.3.1 X-ray Timing Instrument (XTI)

The X-ray timing instrument (XTI) of NICER is a non-imaging soft X-ray telescope. The
schematic view is shown in Fig.4.12. It consists of 56 pairs of X-ray concentrators optics
(XRC) (Okajima et al. 2016) and Focal Plane Module (FPM) (Gendreau et al. 2016). The
XRCs focus X-rays from a cosmic ray source onto the FPM with a single reflection. Each XRC
consists of 24 nested, gold-coated, parabolic thin foil mirrors, and the weigh of each XRC is
325 g. Its focal length is 1.085m and the diameter is 105 mm. Grazing incident angles to
individual shells range from 0.4 to 1.4 deg.

Fig. 4.12 (Left) Schematic picture of NICER.
https://heasarc.gsfc.nasa.gov/docs/nicer/mission_guide/
(Right) Effective area of XTI.
https://heasarc.gsfc.nasa.gov/docs/nicer/nicer_tech_desc.html

Each FPM consists of a 500 micron thick Amptek Silicon Drift Detectors (SDD) and a
Thermo Electric Cooler (TEC) mounted underneath it (Prigozhin et al. 2012). The SDD is
a soft X-ray spectroscopy sensor. The active area of each FPM has an aperture of 2mm in
diameter. This was achieved by minimizing diffuse-sky background and source confusion,
while improving the timing performance of the SDD. The instrument is capable of providing
spectral information in addition to the exact timing of each photon detected. The absolute time
resolution is less than 300 nano sec and the spectral resolution is 85 eV at 1 keV, and 137 eV at
6 keV. The arrangement of the FPMs at the XTI backplane is shown in Fig 4.13. The 8 FPMs
are controlled by one Measurement and Power Unit (MPU), and are labeled 0-7. In addition,
the 7 MPUs are labeled 0-6, and each module is given a science detector ID ( DET ID ) that
combines the MPU number at the tens place and the FPM number at the ones place. Note that
4 FPMs (DET IDs are 11, 20, 22, and 60) out of 56 have been inactive since launch.

The effective area of the XTI system is ∼1900 cm2 at 1.5 keV and 600 cm2 and at 6.0 keV.
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Fig. 4.13 Arrangement of FPMs on XTI backplane.
https://heasarc.gsfc.nasa.gov/docs/nicer/mission_guide/
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CHAPTER 5

Observation and Data Reduction

We have utilized data of the dwarf novae during quiescence taken with XMM-Newton, Suzaku,
and NICER. In this chapter, we describe the observation log of each satellite and the data
reduction procedures we applied.

5.1 XMM-Newton observations of DNe in quiescence

The data observed by XMM-Newton are summarized in the XMM-Newton Science Archive
(XSA).1 Of all the DN data available from the XSA by September 2020, we selected the objects
listed in the Ritter and Kolb (2003) Edition 7.24, which is a catalog of cataclysmic binaries,
low-mass X-ray binaries, and related objects. We then confirmed the optical state of each
observation through inspection of American Association of Variable Star Observers (AAVSO)2

visible light curves and identified the quiescent DN data to be analyzed in this study. Summary
of the observations is shown in Table 5.1. The distance to each object was calculated from the
parallax obtained by the Gaia collaboration (Gaia Collaboration et al. 2018).

We have used EPIC-MOS and pn data and have screened them with evselect (version
3.68), which is included in the Science Analysis Software (SAS) XMMSAS 20190531 1155-
18.0.0 provided by ESA3. In determining the region with the highest signal-to-noise ratio
(S/N), we used data above the 5 keV energy band, where Fe emission lines dominate. The
methods of determining a photon-collecting region are different, depending on the operating
mode. First, we describe the data in Full Frame and Large Window mode. An observation
example is shown in Fig. 5.1. We set a circular region centered on the image brightness peak
and checked all counts contained in the region every 5 arc seconds in radius over a radius of 20-
75 arc seconds. Background event was extracted in annulus and the total counts in the region
were checked by varying the inner and outer radii from the source integration region radius
to 150 arc seconds in every 5 arc seconds in radius. To improve the statistics of the data, we
used the results when the area of the background is more than three times as large as that of the
source integration region.

1http://nxsa.esac.esa.int/nxsa-web/
2https://www.aavso.org
3https://www.cosmos.esa.int/web/xmm-newton/sas
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Table 5.1 System parameter of dwarf novae observed by XMM-Newton.

Object MWD Porb Inclination D†

(M⊙) (hr) (deg) (pc)
U Gem type

EY Cyg 1.10 ± 0.09 11.02 14 ± 1 647.49 ± 8.56
RU Peg 1.06 ± 0.04 8.99 43 276.52 ± 3.40
SS Cyg 1.19 ± 0.02a 6.60 51 ± 5 114.62 ± 0.64
SS Aur 1.08 ± 0.40 4.39 38 ± 16 259.80 ± 2.78
U Gem 1.20 ± 0.05 4.25 69.7 ± 0.7 93.35 ± 0.26
AB Dra 1.03b 3.65 81b 409.48 ± 4.45

Z Cam type
WW Cet 0.83 ± 0.16 4.22 54 ± 4 217.98 ± 2.22

SU UMa type
YZ Cnc 0.82 ± 0.08 2.08 38 ± 3 239.54 ± 2.66
TY PsA – 2.02 65b 184.14 ± 2.22
SU UMa 0.8b 1.83 44c 220.52 ± 1.39
VW Hyi 0.63 ± 0.15d 1.78 60 ± 10 53.96 ± 0.06
V1504 Cyg – 1.67 40∼60e 527.08 ± 13.30
QZ Vir 0.35b 1.45 65 ± 19 127.97 ± 1.12
WZ Sge 0.85 ± 0.04 1.36 77 ± 2 45.13 ± 0.08
GW Lib 0.84 ± 0.02 1.28 11.2 ± 0.4 112.79 ± 1.05
V893 Sco 0.89 1.82 74.2f 124.13 ± 0.80
Z Cha 0.59b 1.79 81.8 ± 0.1 115.44 ± 1.65
HT Cas 0.61 ± 0.04 1.77 81 ± 1 141.40 ± 1.25
OY Car 0.64 ± 0.04 1.51 83.3 ± 0.2 90.79 ± 0.25
Unless noted otherwise, the parameters are from ”Catalogue of Cataclysmic
Binaries, Low-Mass X-Ray Binaries, and Related Objects Edition 7.24” (Ritter
and Kolb 2003).
† Gaia Collaboration Data release 2 (Gaia Collaboration et al. 2018).
a From Friend et al. (1990)
b From Urban and Sion (2006)
c From Warner (1987)
d From Schoembs and Vogt (1981)
e From Howell et al. (2013)
f From Mukai et al. (2009)
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Fig. 5.1 Image of QZ Vir obtained with EPIC-MOS1 in Large Window mode (left panel) and
EPIC-pn in Full Frame mode (right panel). Upper panels show overall view, and lower panels
show enlarged view centered on image brightness peak. Cyan circles show source area, and
white annuli show background area.

Next, we described the data in Small Window mode (Fig. 5.2). In the EPIC-MOS data, we
used only CCD1 (see the bottom panel of Fig. 4.3). Source events was extracted in a circular
region and total counts were checked in every 2.5 arc seconds from a radius of 10 arc seconds
until it reaches the edge of the window. The background events were extracted from the area
out of the source integration region but within the window. To improve the statistics of the
data, the area of the background is set more than twice as large as that of the source. The
source integration region of the EPIC-pn was checked in every 2.5 arc seconds in radius from
15 arc seconds until it reaches the edge of the window. The background event was extracted
from a rectangular area (64 pixels on the long side) that does not include the source events.

Finally, we describe data selection method of Timing mode (Fig. 5.3). The source event
was extracted from a rectangle centered on the highest count line (600 pix on the long side for
EPIC-MOS and 200 pix for EPIC-pn) and the width of the short side was expanded, stepped by
2 pixels to seek for the best S/N region. The background events of EPIC-MOS were extracted
from a region out of CCD1 but within a circle centered at (DETX, DETY) = (0, 0) with a
radius best for the S/N ratio for each source in the range of 480-600 arc seconds stepped by 5
arc seconds. The background event of EPIC-pn was extracted from two rectangles (200 × 17
pixels) sandwiching the source area.

We then produced the event file without the source area based on the best S/N back-
ground region thus obtained into espfilt (version 2.7.1) which is provided by SAS, and
created a background light curve of 2.5–12.0 keV and a Good Time Interval file from the light
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Fig. 5.2 Image of U Gem obtained with EPIC-MOS2 (left panel) and EPIC-pn (right panel) in
Small Window mode. Upper panels show overall view, and lower panels show enlarged view
centered on image brightness peak. Cyan circles show source area, and white rectangles show
background area.
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Fig. 5.3 Image of SS Cyg in 2001 obtained with EPIC-MOS1 (left panel) and EPIC-pn (right
panel) in Timing mode. Upper left panel shows overall view of CCD1 in EPIC-MOS1, and
lower left panel shows overall view of other CCDs. Upper right panel shows overall view of
CCD4 in EPIC-pn, and lower right panel shows enlarged view of it. Cyan rectangles show
source area, and areas surrounded by white line show background.
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curve. To obtain spectra, we filtered PATTERN<=12 and #XMMEA EM for EPIC-MOS
and PATTERN<=4 and FLAG == 0 for EPIC-pn. Note that the out-of-time events has been
subtracted for all EPIC-pn spectra. The operating mode of each observation and its exposure
time are summarized in Table 5.2 and 5.3. AB Dra in June 2002 was not observed with EPIC-
MOS. Due to a micrometeoritic impact, a hot column has appeared around RAWX = 318 in
MOS1 Timing mode since March 2005. We did not use SS Cyg in 2018 for our analysis be-
cause the source event is at RAWX = 317. In addition, EPIC-pn data for SS Cyg in 2018
suffered significant pile up and therefore were not used.

In preparation for spectral analysis, we have made redistribution matrix files (RMFs) of the
EPIC-MOS and pn with the software rmfgen (version 2.8.1). With the RMF thus made, we
have created ancillary response files (ARFs) with arfgen (version 1.98.3). The information
of the photon-integration region is taken into account here.

Table 5.2 Observation log of U Gem-type and Z Cam-type dwarf novae with XMM-Newton

Object Sequence# Observation Observation Detector Operating† Exposure Intensity‡

date [UT] length (ks) mode (ks) (count s−1)§

U Gem type
EY Cyg 400670101 2007-04-23 12:43:52 45.36 MOS1 Full 41.90 0.092 ± 0.002

MOS2 Full 41.47 0.091 ± 0.002
pn Full 27.34 0.291 ± 0.004

RU Peg 551920101 2008-06-09 07:16:50 53.07 MOS1 Small 18.78 2.792 ± 0.013
MOS2 Small 16.75 2.887 ± 0.014

pn Full 5.24 9.807 ± 0.044
SS Cyg 111310201 2001-06-05 07:38:23 14.21 MOS1 Timing 9.06 9.919 ± 0.033

MOS2 Timing 9.60 10.37 ± 0.033
pn Timing 10.12 24.86 ± 0.050

791000201 2016-05-16 07:18:26 30.00 MOS1 Small 27.78 2.513 ± 0.010
MOS2 Small 27.74 2.497 ± 0.010

pn Small 19.91 8.859 ± 0.021
820230101 2018-11-24 07:23:42 59.30 MOS2 Timing 47.81 11.07 ± 0.015

SS Aur 502640201 2008-04-07 08:17:45 50.87 MOS1 Small 36.93 0.182 ± 0.002
MOS2 Small 37.01 0.193 ± 0.002

pn Full 30.64 0.610 ± 0.005
U Gem 110070401 2002-04-13 05:13:28 23.00 MOS1 Large 22.18 0.871 ± 0.006

MOS2 Small 21.76 0.830 ± 0.006
pn Small 15.14 2.628 ± 0.013

AB Dra 111971401 2002-06-02 20:48:32 10.91 pn Full 6.93 0.685 ± 0.010
111971601 2002-10-06 05:55:40 11.92 MOS1 Full 9.36 0.613 ± 0.008

MOS2 Small 8.89 0.624 ± 0.009
pn Full 6.61 2.127 ± 0.019

Z Cam type
WW Cet 111970901 2001-12-06 17:28:25 12.71 MOS1 Large 11.99 1.302 ± 0.011

MOS2 Small 11.76 1.134 ± 0.010
pn Full 8.56 3.872 ± 0.021

† Full = Full Frame, Large = Large Window, Small = Small Window, Timing = Timing.
‡ In the band 0.5-10.0 keV for operating mode with Full, Large and Small and 0.8-10.0 keV for
operating mode with Timing.
§ After background subtraction.
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Table 5.3 Observation log of SU UMa-type dwarf novae with XMM-Newton

Object Sequence# Observation Observation Detector Operating† Exposure Intensity‡

date [UT] length (ks) mode (ks) (count s−1)§

SU UMa type
YZ Cnc 152530101 2002-10-05 07:02:40 36.91 MOS1 Full 13.08 0.840 ± 0.008

MOS2 Small 12.25 0.846 ± 0.008
pn Full 9.00 2.835 ± 0.018

TY PsA 111970101 2001-11-28 19:05:24 13.21 MOS1 Full 12.49 0.373 ± 0.006
MOS2 Full 13.44 0.348 ± 0.006

pn Full 8.96 1.120 ± 0.011
SU UMa 111970801 2002-05-05 17:18:34 14.50 MOS1 Small 7.67 1.767 ± 0.016

MOS2 Small 7.18 1.915 ± 0.017
pn Full 5.41 5.987 ± 0.034

VW Hyi 111970301 2001-10-19 05:24:31 19.32 MOS1 Small 18.17 0.532 ± 0.006
MOS2 Small 18.17 0.566 ± 0.006

pn Full 14.45 1.923 ± 0.012
V1504 Cyg 801100101 2017-09-26 15:58:01 97.00 MOS1 Full 66.15 0.012 ± 0.000

MOS2 Full 66.92 0.012 ± 0.000
pn Full 53.59 0.036 ± 0.001

QZ Vir 801100101 2002-06-01 11:06:11 12.87 MOS1 Large 12.15 1.010 ± 0.009
MOS2 Small 11.91 0.983 ± 0.009

pn Full 8.99 3.716 ± 0.019
WZ Sge 150100101 2003-05-16 14:52:07 9.92 MOS1 Large 4.72 0.871 ± 0.014

MOS2 Large 4.82 0.898 ± 0.014
pn Full 2.52 2.661 ± 0.033

GW Lib 303180101 2005-08-25 21:46:30 21.85 MOS1 Full 21.33 0.007 ± 0.001
MOS2 Full 21.35 0.006 ± 0.001

pn Full 17.40 0.026 ± 0.002
801800201 2018-02-17 05:46:41 57.00 MOS1 Full 30.09 0.056 ± 0.001

MOS2 Full 31.54 0.058 ± 0.001
pn Full 18.20 0.190 ± 0.003

V893 Sco 553720101 2009-02-05 21:41:31 54.92 MOS1 Large 53.94 0.840 ± 0.004
MOS2 Large 53.95 0.857 ± 0.004

pn Full 19.25 2.189 ± 0.011
Z Cha 205770101 2003-12-19 20:45:52 101.42 MOS1 Large 93.68 0.330 ± 0.002

MOS2 Large 95.17 0.328 ± 0.002
pn Full 74.74 1.027 ± 0.004

HT Cas 111310101 2002-08-20 09:23:50 49.85 MOS1 Large 25.44 0.302 ± 0.003
MOS2 Large 27.42 0.307 ± 0.003

pn Full 20.32 0.877 ± 0.007
152490201 2003-07-12 05:52:42 55.54 MOS1 Large 3.32 0.390 ± 0.011

MOS2 Large 3.26 0.391 ± 0.011
pn Full 1.78 0.943 ± 0.023

OY Car 099020301 2000-06-29 22:37:25 61.43 MOS1 Full 43.69 0.381 ± 0.003
MOS2 Full 42.74 0.378 ± 0.003

pn Full 29.35 1.103 ± 0.006
128320301 2000-08-07 07:56:02 23.53 MOS1 Full 12.02 0.158 ± 0.004

MOS2 Full 12.74 0.178 ± 0.004
pn Full 5.48 0.527 ± 0.010

† Full = Full Frame, Large = Large Window, Small = Small Window, Timing = Timing.
‡ In the band 0.5-10.0 keV.
§ After background subtraction.
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5.2 Suzaku observations of VW Hyi and SS Cyg

To elucidate time variation of boundary layer behaviour in the optically-quiescent state, we
have utilized series of VW Hyi data and SS Cyg taken with Suzaku. We have screened the
data with xselect version 2.4e, which is included in the HEASOFT package provided by
NASA’s Goddard Space Flight Center (GSFC)4. We have mostly followed the standard data
selection criteria. We have only used data while the telemetry rate is either high or medium.

For the XIS, we have removed bad pixels and flickering pixels, and have selected events
of grade 0, 2, 3, 4 and 6. We have discarded data taken during spacecraft passages through
the South Atlantic Anomaly (SAA) and when the pointing accuracy is low. Also discarded are
data taken while the elevation of objects from the night earth limb is less than 5 deg. On the
other hand, the standard data screening criteria recommend not to use the data when the object
is within 20 deg from the bright earth limb. The number, however, depends upon attitude and
orbit condition at the time of the observation. In addition to this, VW Hyi lies close to the
south ecliptic pole, and hence the XIS field of view tends to be close to the earth limb. These
facts suggest that significant amounts of data would be discarded with the standard day-earth
elevation angle. Accordingly, we have drawn spectra with various trial day- earth elevation
angles and, by closely inspecting the spectra in the band 0.3-0.7 keV, where the atmospheric
Nitrogen and Oxygen lines appear, we have found that the cutoff day-earth elevation angle
can be set as small as 7 deg. This process was also applied to the XIS data of SS Cyg. An
observation image of XIS is shown in Fig. 5.4. In extracting spectra, we have collected X-
ray photons arriving in a circular aperture with a radius of 3.’5 centered on the source. The
background photons have been integrated over an annular region with inner and outer radii
of 4’ and 6.’5, respectively. For spectral analysis, we have made the RMFs of XIS with the
software xisrmfgen (version 2012-04-21) and the ARFs with xissimarfgen (version
2010-11-05). The RMFs and the ARFs thus produced are merged with marfrmf (v3.2.6) for
the XIS modules sepa rately, and the resultant response matrix files of the XIS0, XIS2 and
XIS3 (FI CCDs) are coadded with addrmf.

For the HXD, on the other hand, we have screened the data with aepipeline (version
1.1.0). We did not use the HXD-GSO data because significant signals from objects were not
detected. The background event used the ”tuned” non-Xray background (NXB) event file pub-
lished by the HXD team5. In addition to this, we considered the cosmic X-ray background
(CXB). Following results based on HEAO–1 observation (Boldt 1987), we created the CXB
spectrum from

fCXB(E) = 9.412 × 10−3 ×
(

E
1 keV

)−1.29

× exp
(
− E

40 keV

)
[photons / cm2 / s / FOV / keV]

(5.1)

4https://heasarc.gsfc.nasa.gov/docs/software.html
5https://heasarc.gsfc.nasa.gov/docs/suzaku/analysis/pinbgd.html
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Fig. 5.4 Image of VW Hyi in December 2011 obtained with XIS0 (upper left), XIS1 (upper
right) and XIS3 (lower left). Magenta circles show source area, and green annuli show back-
ground area.

by the fakeit command in the spectral fit software XSPEC with an exposure time of 10
Ms. In doing this, we adopted the PIN flat sky response that is provided by the HXD team
according to the observation date. Details are listed in https://heasarc.gsfc.nasa.
gov/docs/suzaku/analysis/pinepochs.html.

Table 5.4 summarizes the Suzaku observations of VW Hyi and SS Cyg in the quiescent
state. Because VW Hyi was too faint for spectral analysis in the HXD band, and SS Cyg in
2014 was observed only in XIS, the HXD-PIN data were used only data of SS Cyg in 2005.

Table 5.4 Observation log of VW Hyi and SS Cyg with Suzaku.

Object Sequence# Observation Observation Detector Mode Exposure Intensity†

date [UT] length (ks) (ks) (count s−1)§

VW Hyi 406009020 2011-12-29 15:19:16 46.86 XIS-FI Normal 18.35 1.08 ± 0.01
XIS-BI Normal 18.35

406009030 2012-02-29 13:39:04 58.87 XIS-FI Normal 22.83 0.93 ± 0.01
XIS-BI Normal 22.83

406009040 2012-05-02 19:29:54 30.62 XIS-FI Normal 18.08 0.99 ± 0.01
XIS-BI Normal 18.08

SS Cyg 400006010 2005-11-02 01:12:32 80.81 XIS-FI Normal 42.03 3.197 ± 0.005
XIS-BI Normal 42.24 4.319 ± 0.010

HXD-PIN Normal 30.02 0.098 ± 0.004
109015010 2014-12-19 06:23:57 63.14 XIS-FI Normal 48.91 1.422 ± 0.004

XIS-BI Normal 48.89 1.783 ± 0.006
† In the band 0.5–10.0 keV for the XIS and 15–40 keV for the HXD-PIN.
§ After background subtraction.
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5.3 NICER observations of SS Cyg

Suzaku and XMM-Newton have observed the dwarf nova during quiescence, but only once
within the phase between one outburst and the next. To analyze in detail the temporal varia-
tion of the boundary layer, we used a series of NICER data taken observed 11 times within a
single outburst phase of SS Cyg. Each observation data were screened with the filtering tool
nicerl2 (version 1.12) included in NICERDAS. The background events for each observa-
tion were estimated by nibackgen3C50 (v6)6. RMFs and ARFs are given to all 52 FPM
modules. We merged them together with addrmf and addarf included in the HEASOFT
package. Note that the modules of DET ID 14 and 34 were removed from the data reduction
due to the high frequency of noise contamination. The observation log is summarized in Table
5.5.

Table 5.5 Observation log of SS Cyg with NICER.

Object Sequence# Observation Observation Exposure Intensity†

date [UT] length (ks) (ks) (count s−1)§

SS Cyg 3201600109 2020-05-21 11:03:02 45.22 2.52 217.50 ± 0.29
3201600110 2020-05-22 10:16:06 17.53 2.56 280.50 ± 0.33
3201600111 2020-05-23 11:02:45 17.62 2.45 238.20 ± 0.31
3201600112 2020-05-24 11:49:24 17.43 2.15 204.40 ± 0.31
3201600113 2020-05-25 03:19:04 73.15 1.38 113.20 ± 0.29
3201600114 2020-05-26 04:33:00 0.11 0.11 109.20 ± 0.99
3201600115 2020-05-27 04:52:09 28.09 1.38 132.60 ± 0.31
3201600116 2020-05-28 02:33:08 34.15 2.94 143.50 ± 0.22
3201600117 2020-05-29 06:26:29 6.35 1.55 195.90 ± 0.36
3201600122 2020-06-09 23:35:06 0.92 0.79 130.70 ± 0.41
3201600123 2020-06-12 01:10:20 1.30 1.29 95.44 ± 0.27

† In the band 0.5–10.0 keV.
§ After background subtraction.

6https://heasarc.gsfc.nasa.gov/docs/nicer/tools/nicer_bkg_est_tools.html
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CHAPTER 6

Spectral analysis

6.1 Evaluation of the DNe spectra observed by XMM-Newton

To evaluate the X-ray spectra of 19 dwarf novae in optical quiescence observed with XMM-

Newton, we use the software XSPEC (Arnaud 1996) version 12.10.0 in the HEASOFT package
provided by NASA’s GSFC1. We have adopted the following two spectral models to represent
the multi-temperature plasma emission from the boundary layer: the CEVMKL model and the
VMCFLOW model. In CEVMKL, the differential emission measure (DEM) is represented with
a power-law function of the temperature. In VMCFLOW, on the other hand, the temperature
dependence of the DEM is subject to the temperature dependence of the volume emissivity of
the plasma (so called ”cooling function”; see § 3.7). VMCFLOW has been found to succeed
in representing X-ray spectra of DNe in general (Pandel et al. 2005, Baskill et al. 2005, Wada
et al. 2017).

Since the boundary layer plasma is formed in contact with the white dwarf surface, a signif-
icant fraction of its X-ray emission is intercepted by the white dwarf and a part of it is reflected
off into space. The existence of such a reflected component is evidenced by an Fe Kα iron flu-
orescence line at 6.4 keV (George and Fabian 1991). To estimate the intensity of the reflected
component by the white dwarf, we have added the xspec model REFLECT and the 6.4 keV
Gaussian model. In addition, to account for the extinction by the interstellar medium (ISM),
we adopted the photoelectric absorption (TBABS; Wilms et al. (2000)).

The spectral fitting was performed by restricting the energy range to 0.5–10 keV for most of
the spectra. However, the spectrum of SS Cyg observed in 2001 in pn timing mode was limited
to 0.8–10 keV because of a high background level at low energy. We tied model parameters
between different instrumental spectra, except for the normalization of the multi-temperature
model, and performed simultaneous fitting for each object. Note that the flux difference among
the three XMM-Newton EPIC cameras is in general less than 10% (Tsujimoto et al. 2011).
The solid angle Ω/2π of the reflector subtending over the boundary layer plasma is fixed at
1.5. This is based on the result of the spectral evaluation of SS Cyg in quiescence (Ω/2π =
1.7 ± 0.2; see Ishida et al. (2009)). If the boundary layer is small enough compared with the
white dwarf (RBL ≪ 0.1RWD), the surface of the white dwarf is viewed from the plasma as

1http://heasarc.gsfc.nasa.gov
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an infinite plane covering half of the sky (Ω/2π = 1). The accretion disc is further thought to
cover half of the remaining sky (Ω/2π = 0.5). We have fixed the inclination of the reflector at
the same value as the orbital inclination in table 5.1. Some of the objects (V893 Sco, Z Cha,
HT Cas and OY Car) have low fluxes in the low energy band (∼ 0.6–2.0 keV) and could not
be fitted only by ISM absorption. V893 Sco was found to have a partial X-ray eclipse and high
intrinsic absorption (Mukai et al. 2009). Other objects have a high orbital inclination angle,
exceeding 80◦, and hence, it is likely that some of the boundary layer emission is absorbed by
the accretion disk. We therefore added a partial covering absorption model, PCFABS.

The best-fit continuum parameters with the CEVMKL and VMCFLOW models are summa-
rized in table 6.1 and 6.2, respectively. The mass accretion rate (Ṁ) determined by the VM-
CFLOW is derived from the EPIC-pn spectrum with the highest signal-to-noise ratio (S / N).
Lbol is the bolometric luminosity of the source, which is evaluated, given the bolometric flux
and the distance in table 5.1.

Lbol = 4πD2 fbol (6.1)

From the χ2 values, the CEVMKL model fits better to the observed spectra than the VMCFLOW

model (Fig. 6.1). An F−test reveals, however, that the addition of the DEM slope parameter
(α in eq.3.10) is significant at more than 99% confidence level. The advantage of the CEVMKL

model over the VMCFLOW model is also suggested by Pandel et al. (2005). Figure 7.4 is
the correlation diagram of the maximum temperature (Tmax) calculated from CEVMKL and
VMCFLOW models. The Tmax of the CEVMKL ranges from 5.74 keV in VW Hyi to 20.57 keV in
2001 SS Cyg, while that of the VMCFLOW covers a wide range from 3.58 keV in V1504 Cyg to
27.93 keV in RU Peg. From Fig. 7.4, the Tmax tends to be larger in VMCFLOW than in CEVMKL.
However, VMCFLOW temperatures of AB Dra in June 2002 and V1504 Cyg were calculated to
be lower than CEVMKL. These two objects show a low Tmax with the VMCFLOW model. At
the same time, the α of CEVMKL is also low. These fact mean that the spectra of these two
objects are softer than the others. The correlation of bolometric luminosity between CEVMKL

and VMCFLOW is also shown in Fig 6.3. These were approximately consistent between the
two models. Since the CEVMKL model provides better fit to the observed spectra in general,
hereafter we basically adopt the physical parameters given by the CEVMKL model.

The result of the fit with the cevmkl model is shown in Fig. 6.4, 6.5, 6.6 and 6.7. Although
some data have limited statistics, the spectra are characterized by helium-like and hydrogen-
like Kα emission lines (here after referred to as Heα and Lyα, respectively) of Mg (1.34 keV
and 1.47 keV), Si (1.86 keV and 2.01 keV), S (2.45 keV and 2.62 keV) and Fe (6.68 keV and
6.96 keV). This fact is the direct evidence that he X-ray emission from DN originates from
a thermal plasma with multiple temperatures. The resultant elemental abundances with these
models are listed in table 6.3 and 6.4. The equivalent widths of the 6.4 keV line for each object
are summarized in table 6.5. The fluorescent iron emission lines at 6.4 keV are almost invisible
in some spectra, such as SS Aur, SU UMa, GW Lib, and OY Car. Of them, Tmax of GW Lib
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and OY Car is less than 10 keV, which is not enough to generate X-rays that raise inner shell
ionization of iron. SU UMa belongs to a group of having the smallest iron abundance (table
6.3 and 6.4).

Table 6.1 Best-fit continuum parameters with the CEVMKL model.

Flux§§ Luminosity§§

Object N†
H CFrac† NISM

H Tmax α 0.2 - 12 keV Bolometric|| Bolometric|| reduced χ2

(1020 cm−2) (1020 cm−2) (keV) (10−12 erg cm−2 s−1) (1030 erg s−1) (d.o.f.)

EY Cyg 3.16+1.69
−1.57 7.62+2.03

−1.55 1.17+0.26
−0.29 1.02 1.10 55.42 ± 1.04 0.98 (207)

RU Peg 4.83+0.59
−0.51 16.64+1.59

−1.36 1.15+0.07
−0.10 39.02 50.46 462.96 ± 8.06 1.06 (335)

SS Cyg 01 2.36+0.52
−0.48 20.57+1.14

−1.17 0.73+0.04
−0.05 124.57 163.04 257.02 ± 2.04 1.51 (995)

SS Cyg 16 2.63+0.48
−0.40 19.98+1.37

−1.18 0.69+0.02
−0.05 34.39 44.45 70.07 ± 0.56

SS Cyg 18 1.97+0.34
−0.42 18.45+0.47

−1.24 0.85+0.06
−0.04 154.65 199.07 313.82 ± 2.50

SS Aur 2.87+1.18
−1.21 13.55+1.67

−1.65 1.11+0.10
−0.10 2.50 3.01 24.39 ± 0.37 1.04 (298)

U Gem 0.36+0.71
−0.36 17.03+1.54

−1.58 1.05+0.06
−0.07 11.03 14.07 14.72 ± 0.06 1.06 (374)

AB Dra 02/Jun 4.92+4.54
−3.90 9.90+4.54

−2.37 0.41+0.22
−0.21 2.16 2.33 46.79 ± 0.72 1.07 (375)

AB Dra 02/Oct 6.16+1.55
−1.58 10.62+1.53

−1.33 0.95+0.14
−0.13 7.19 8.17 164.45 ± 2.53

WW Cet 2.51+0.91
−0.81 8.13+0.78

−0.70 1.28+0.15
−0.15 12.84 14.03 79.97 ± 1.15 1.03 (369)

YZ Cnc 0.33+0.98
−0.33 10.44+0.80

−0.78 1.28+0.07
−0.07 10.08 11.60 79.87 ± 1.26 1.06 (343)

TY PsA 2.16+1.33
−1.22 6.12+0.74

−0.72 1.71+0.34
−0.24 3.66 3.87 15.72 ± 0.27 1.15 (269)

SU UMa 1.65+0.87
−0.85 9.53+1.02

−0.83 1.15+0.13
−0.12 20.27 22.68 132.34 ± 1.18 1.10 (341)

VW Hyi 0.00+0.28
−0.00 5.74+0.17

−0.43 1.32+0.10
−0.06 5.93 7.17 2.50 ± 0.00 1.11 (335)

V1504 Cyg 13.45+5.62
−9.44 9.27+14.10

−1.89 0.21+0.35
−0.21 0.10 0.11 3.56 ± 0.13 1.19 (145)

QZ Vir 0.00+0.37
−0.00 6.21+0.30

−0.39 1.67+0.12
−0.10 10.51 12.22 24.00 ± 0.26 1.14 (361)

WZ Sge 5.71+2.17
−1.77 10.08+1.91

−1.54 1.35+0.31
−0.27 9.93 11.38 2.78 ± 0.01 0.95 (288)

GW Lib 05 0.00+82.25
−0.0 6.63+25.79

−3.68 0.71+1.20
−0.55 0.08 0.11 0.17 ± 0.00 1.25 (262)

GW Lib 18 6.02+6.73
−4.00 7.08+2.23

−1.39 0.66+0.34
−0.21 0.62 0.65 0.99 ± 0.01

V893 Sco 262.16+26.36
−25.32 0.61+0.02

−0.02 24.72+1.16
−1.16 8.91+0.59

−0.61 2.07+0.49
−0.30 12.91 15.59 28.81 ± 0.26 1.27 (399)

Z Cha 321.01+82.10
−66.42 0.30+0.04

−0.04 12.25+0.73
−0.73 6.58+0.37

−0.36 2.03+0.19
−0.16 4.17 4.56 7.30 ± 0.15 1.07 (399)

HT Cas 02 588.89+390.92
−242.68 0.25+0.08

−0.08 16.88+1.22
−1.38 6.88+0.88

−0.67 2.14+0.39
−0.28 3.93 4.36 10.45 ± 0.13 1.13 (593)

HT Cas 03 294.46+914.78
−205.51 0.27+0.22

−0.15 34.87+8.23
−5.93 10.64+7.32

−3.54 1.51+4.40
−0.78 4.85 5.95 14.27 ± 0.18

OY Car 00/Jun 421.04+143.88
−99.80 0.35+0.04

−0.04 8.78+0.96
−0.93 6.99+0.37

−0.37 2.05+0.15
−0.14 4.98 5.51 5.45 ± 0.02 1.14 (479)

OY Car 00/Aug 485.03+328.68
−168.83 0.44+0.08

−0.08 13.16+2.36
−2.21 6.50+1.01

−0.85 1.89+0.37
−0.29 2.53 2.78 2.75 ± 0.01

NOTE: Errors of NH, CFrac, NISM
H , Tmax, α are single parameter 90% confidence level.

† Parameters of partial covering absorption model.
§§ The reflected component being excluded (Ω is set equal to zero after the fit converged).
|| Flux or luminosity in the band 0.04–100 keV.
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Table 6.2 Best-fit continuum parameters with the VMCFLOW model.

Flux§§ Luminosity§§

Object N†
H CFrac† NISM

H Tmax Ṁ 0.2 - 12 keV Bolometric|| Bolometric|| reduced χ2

(1020 cm−2) (1020 cm−2) (keV) (10−12M⊙yr−1) (10−12 erg cm−2 s−1) (1030 erg s−1) (d.o.f.)

EY Cyg 4.02+0.84
−1.58 9.97+2.81

−1.93 27.82+4.78
−4.76 1.01 1.12 56.18 ± 1.05 0.98 (208)

RU Peg 5.10+0.50
−0.24 27.93+2.22

−2.43 79.80+2.93
−3.89 39.48 55.60 510.08 ± 8.88 1.09 (336)

SS Cyg 01 0.87+0.26
−0.26 23.52+0.83

−0.84 46.64+1.18
−1.10 125.70 166.36 262.25 ± 2.09 1.60 (998)

SS Cyg 16 1.02+0.22
−0.23 21.37+0.72

−0.69 13.90+0.33
−0.33 34.57 44.60 70.30 ± 0.56

SS Cyg 18 1.47+0.21
−0.22 23.83+0.92

−0.89 57.72+1.51
−1.47 154.53 205.47 323.91 ± 2.58

SS Aur 1.88+0.93
−1.00 17.58+2.35

−1.37 6.20+0.40
−0.55 2.50 3.07 24.90 ± 0.38 1.06 (299)

U Gem 0.00+0.29
−0.00 21.64+1.45

−0.67 2.81+0.09
−0.12 10.97 14.95 15.63 ± 0.06 1.10 (375)

AB Dra 02/Jun 0.00+82.25
−0.00 5.78+1.02

−0.40 36.19+2.25
−4.47 2.16 2.58 51.95 ± 0.80 1.17 (377)

AB Dra 02/Oct 5.27+0.88
−0.96 12.07+1.13

−0.77 65.11+4.09
−4.65 7.03 8.03 161.59 ± 2.48

WW Cet 3.89+0.66
−0.77 11.81+1.13

−0.77 33.74+1.89
−2.43 12.82 14.55 82.93 ± 1.19 1.08 (370)

YZ Cnc 0.00+0.54
−0.00 13.38+0.60

−0.48 25.46+0.77
−0.77 9.67 11.02 75.89 ± 1.19 1.08 (344)

TY PsA 5.12+0.99
−1.31 9.54+0.93

−0.45 8.56+0.67
−0.72 3.63 3.98 16.19 ± 0.28 1.23 (270)

SU UMa 2.27+0.64
−0.80 13.68+1.32

−1.07 45.92+3.01
−3.23 20.29 23.63 137.88 ± 1.23 1.13 (342)

VW Hyi 0.00+0.28
−0.00 7.14+0.24

−0.26 1.39+0.05
−0.04 5.93 7.06 2.47 ± 0.00 1.12 (336)

V1504 Cyg 0.00+3.22
−0.00 3.58+0.40

−0.91 4.82+1.51
−1.01 0.10 0.13 4.22 ± 0.15 1.36 (146)

QZ Vir 2.16+0.74
−0.81 9.54+0.55

−0.23 10.83+0.30
−0.55 10.18 11.11 21.82 ± 0.27 1.34 (362)

WZ Sge 6.72+1.60
−1.58 15.48+2.39

−1.79 0.90+0.10
−0.10 9.98 12.08 2.95 ± 0.01 0.96 (289)

GW Lib 05 0.00+82.25
−0.00 5.65+2.73

−1.63 0.10+0.03
−0.03 0.08 0.09 0.14 ± 0.00 1.26 (264)

GW Lib 18 2.31+1.89
−2.16 6.96+1.21

−1.05 0.73+0.14
−0.12 0.63 0.66 1.01 ± 0.01

V893 Sco 154.68+10.49
−9.16 0.74+0.02

−0.02 18.69+1.55
−1.54 15.44+0.97

−0.87 12.18+0.81
−0.76 12.11 15.78 29.17 ± 0.27 1.44 (400)

Z Cha 63.90+8.84
−8.33 0.68+0.05

−0.05 2.03+2.28
−2.03 11.61+0.83

−0.69 4.08+0.33
−0.44 4.33 5.05 8.08 ± 0.16 1.22 (400)

HT Cas 02 109.01+0.0
−109.01 0.00+0.00

−0.00 21.45+1.42
−1.40 20.45+1.80

−1.70 3.27+0.26
−0.24 4.18 5.59 13.40 ± 0.17 1.27 (595)

HT Cas 03 132.58+3922.18
−109.68 0.24+0.40

−0.19 36.66+7.31
−28.81 23.17+10.95

−7.91 4.04+2.26
−1.18 5.13 7.34 17.62 ± 0.22

OY Car 00/Jun 82.87+8.83
−11.89 0.66+0.02

−0.02 0.00+82.25
−0.00 11.83+1.31

−0.77 2.89+0.25
−0.34 5.20 6.35 6.28 ± 0.02 1.27 (481)

OY Car 00/Aug 127.74+40.27
−40.58 0.60+0.09

−0.12 8.37+4.37
−5.19 9.72+2.10

−1.45 1.96+0.47
−0.43 2.56 2.91 2.88 ± 0.01

NOTE: Errors of NH, CFrac, NISM
H , Tmax, Ṁ are single parameter 90% confidence level.

† Parameters of partial covering absorption model.
§§ The reflected component being excluded (Ω is set equal to zero after the fit converged).
|| Flux or luminosity in the band 0.04–100 keV.
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Table 6.3 Best-fit continuum parameters with the CEVMKL model.

Object O Ne Mg Si S Ar Ca Fe Ni

EY Cyg 0.15+0.20
−0.12 0.34+0.51

−0.34 0.47+0.54
−0.47 0.69+0.38

−0.40 0.83+0.63
−0.60 1.27+1.86

−1.27 2.99+2.60
−2.25 0.33+0.11

−0.11 1.51+1.67
−1.51

RU Peg 0.34+0.10
−0.08 0.29+0.27

−0.26 0.57+0.30
−0.29 0.90+0.23

−0.22 1.30+0.34
−0.32 2.81+0.98

−0.91 0.60+1.11
−0.64 0.52+0.06

−0.06 2.33+0.82
−0.80

SS Cyg 0.40+0.03
−0.04 0.18+0.06

−0.06 0.20+0.06
−0.06 0.46+0.04

−0.04 0.40+0.07
−0.07 0.62+0.24

−0.24 0.83+0.29
−0.28 0.29+0.01

−0.02 0.74+0.20
−0.19

SS Aur 0.90+0.36
−0.30 0.00+0.60

−0.00 0.51+0.67
−0.51 1.54+0.56

−0.49 1.43+0.77
−0.71 4.16+2.26

−2.11 0.43+2.47
−0.43 1.13+0.20

−0.17 2.79+1.91
−1.77

U Gem 0.47+0.17
−0.15 0.06+0.40

−0.06 1.13+0.49
−0.45 1.44+0.36

−0.34 1.11+0.49
−0.47 1.00+1.38

−1.00 2.17+1.70
−1.69 1.05+0.12

−0.11 4.41+1.30
−1.23

AB Dra 0.23+0.19
−0.17 0.03+0.39

−0.03 0.53+0.47
−0.40 0.79+0.37

−0.31 1.32+0.58
−0.50 1.64+1.56

−1.51 3.22+2.01
−1.98 0.59+0.12

−0.09 1.95+0.64
−1.23

WW Cet 0.29+0.13
−0.10 0.34+0.28

−0.26 0.39+0.29
−0.28 0.55+0.21

−0.19 0.44+0.28
−0.27 0.85+0.83

−0.81 0.86+0.99
−0.86 0.31+0.05

−0.05 0.71+0.74
−0.71

YZ Cnc 1.22+0.31
−0.27 0.15+0.58

−0.15 1.57+0.65
−0.60 2.88+0.54

−0.49 2.43+0.66
−0.61 3.69+1.72

−1.65 1.36+1.90
−1.36 1.61+0.18

−0.17 5.99+1.70
−1.60

TY PsA 0.34+0.27
−0.20 0.74+0.63

−0.55 0.59+0.56
−0.53 0.40+0.35

−0.32 0.81+0.52
−0.48 1.59+1.48

−1.40 0.55+1.62
−0.55 0.47+0.10

−0.09 0.09+1.30
−0.09

SU UMa 0.34+0.13
−0.11 0.38+0.30

−0.28 0.52+0.34
−0.32 0.44+0.23

−0.21 0.72+0.34
−0.32 1.05+0.99

−0.96 0.85+1.21
−0.85 0.38+0.06

−0.06 0.01+0.81
−0.01

VW Hyi 0.80+0.14
−0.18 0.29+0.36

−0.29 0.87+0.33
−0.34 1.23+0.23

−0.23 1.12+0.34
−0.31 0.58+0.87

−0.58 1.64+1.14
−0.58 0.95+0.07

−0.12 2.02+0.48
−0.93

V1504 Cyg 1.24+1.49
−0.85 0.00+1.13

−0.00 1.87+2.33
−1.22 2.04+2.14

−1.19 2.10+2.66
−1.58 6.60+5.48

−6.61 0.04+7.96
−0.04 1.16+0.83

−0.51 3.99+5.70
−3.96

QZ Vir 0.62+0.17
−0.14 0.42+0.33

−0.29 0.59+0.29
−0.30 0.63+0.19

−0.19 0.31+0.27
−0.27 1.21+0.81

−0.82 1.07+1.00
−0.97 0.58+0.06

−0.06 1.52+0.78
−0.77

WZ Sge 0.88+0.52
−0.44 2.65+1.20

−0.98 0.54+0.84
−0.54 1.79+0.71

−0.62 2.18+0.99
−0.88 1.95+2.42

−1.95 1.05+2.70
−1.05 0.47+0.14

−0.13 1.84+2.28
−1.84

GW Lib 0.65+0.43
−0.30 0.35+0.60

−0.35 0.20+0.61
−0.20 0.57+0.53

−0.40 0.17+0.66
−0.17 2.70+2.45

−2.12 0.80+2.75
−0.80 0.30+0.15

−0.11 1.29+2.09
−1.29

V893 Sco 0.30+0.21
−0.14 0.20+0.51

−0.20 1.33+0.37
−0.36 1.07+0.21

−0.20 0.86+0.24
−0.22 1.32+0.60

−0.58 1.42+0.65
−0.62 0.62+0.04

−0.04 1.68+0.65
−0.64

Z Cha 0.31+0.14
−0.13 0.33+0.27

−0.25 0.55+0.23
−0.23 0.91+0.15

−0.15 0.85+0.21
−0.19 0.16+0.48

−0.16 0.96+0.58
−0.56 0.48+0.04

−0.04 1.05+0.57
−0.57

HT Cas 0.55+0.38
−0.32 0.02+0.59

−0.02 0.41+0.51
−0.41 1.18+0.31

−0.29 0.67+0.41
−0.39 2.21+1.20

−1.08 0.89+1.21
−0.89 0.60+0.09

−0.08 0.60+1.13
−0.60

OY Car 0.41+0.22
−0.19 0.73+0.45

−0.41 1.07+0.39
−0.40 1.79+0.27

−0.25 1.82+0.39
−0.34 0.99+0.80

−0.75 1.02+0.93
−0.89 1.12+0.09

−0.08 1.48+1.01
−1.08

NOTE — Elemental abundances relative to those of the sun (Anders and Grevesse 1989) are tabulated.
Abundances of He, C, N, Na and Al are fixed to unity.
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Table 6.4 Best-fit continuum parameters with the VMCFLOW model.

Object O Ne Mg Si S Ar Ca Fe Ni

EY Cyg 0.15+0.21
−0.11 0.15+0.47

−0.15 0.48+0.50
−0.44 0.64+0.45

−0.35 0.81+0.66
−0.53 1.38+1.84

−1.38 3.28+2.49
−2.26 0.29+0.08

−0.10 1.07+1.69
−1.07

RU Peg 0.36+0.09
−0.08 0.00+0.15

−0.00 0.70+0.14
−0.23 0.99+0.19

−0.19 1.46+0.31
−0.30 3.32+0.94

−0.90 1.06+1.04
−1.06 0.52+0.04

−0.06 2.19+0.74
−0.70

SS Cyg 0.35+0.03
−0.03 0.16+0.06

−0.05 0.13+0.07
−0.06 0.45+0.05

−0.05 0.39+0.07
−0.07 0.61+0.23

−0.23 0.81+0.30
−0.30 0.29+0.01

−0.01 0.57+0.20
−0.19

SS Aur 0.69+0.28
−0.22 0.00+0.32

−0.00 0.31+0.57
−0.31 1.42+0.46

−0.41 1.30+0.67
−0.61 3.77+2.03

−1.92 0.47+2.28
−0.46 1.04+0.20

−0.15 2.18+1.65
−1.62

U Gem 0.35+0.08
−0.07 0.00+0.29

−0.00 0.71+0.36
−0.35 1.20+0.25

−0.26 0.86+0.38
−0.39 0.75+1.15

−0.74 1.82+1.46
−1.50 0.97+0.09

−0.09 3.51+1.00
−1.06

AB Dra 0.07+0.12
−0.07 0.00+0.24

−0.00 0.27+0.36
−0.27 0.59+0.26

−0.23 0.99+0.43
−0.39 1.15+1.20

−1.15 2.33+1.61
−1.57 0.56+0.08

−0.07 0.76+0.96
−0.76

WW Cet 0.32+0.13
−0.10 0.11+0.20

−0.11 0.49+0.27
−0.22 0.57+0.21

−0.16 0.56+0.26
−0.24 1.20+0.76

−0.75 1.38+0.92
−0.91 0.27+0.06

−0.04 0.53+0.64
−0.53

YZ Cnc 1.05+0.23
−0.20 0.00+0.42

−0.00 1.22+0.49
−0.48 2.64+0.19

−0.39 2.25+0.55
−0.52 3.55+1.50

−1.52 1.67+1.71
−1.67 1.52+0.14

−0.14 5.46+1.40
−1.39

TY PsA 0.46+0.26
−0.18 0.09+0.41

−0.09 0.72+0.48
−0.43 0.48+0.32

−0.29 0.92+0.50
−0.46 2.02+1.51

−1.43 1.20+1.78
−1.20 0.42+0.10

−0.08 0.12+1.17
−0.12

SU UMa 0.35+0.11
−0.10 0.22+0.21

−0.22 0.60+0.31
−0.26 0.50+0.22

−0.18 0.83+0.31
−0.29 1.46+0.90

−0.94 1.28+1.11
−1.11 0.36+0.07

−0.05 0.00+0.69
−0.00

VW Hyi 0.78+0.15
−0.14 0.17+0.31

−0.17 0.93+0.29
−0.29 1.27+0.21

−0.21 1.18+0.30
−0.30 0.72+0.83

−0.72 1.92+1.13
−1.11 0.94+0.09

−0.08 2.16+0.77
−0.81

V1504 Cyg 0.12+0.35
−0.12 0.00+0.40

−0.00 0.63+0.73
−0.63 0.93+0.61

−0.50 0.77+0.90
−0.39 2.46+2.95

−2.44 1.46+3.74
−1.46 0.59+0.17

−0.23 0.38+1.70
−0.38

QZ Vir 0.74+0.21
−0.17 0.00+0.14

−0.00 0.89+0.32
−0.31 0.77+0.21

−0.21 0.57+0.29
−0.29 1.89+0.91

−0.90 1.88+1.13
−0.57 0.53+0.07

−0.07 1.67+0.80
−0.82

WZ Sge 0.94+0.50
−0.41 1.96+0.87

−0.73 0.65+0.77
−0.65 1.75+0.71

−0.60 2.25+0.98
−0.86 2.37+2.44

−2.35 1.74+2.86
−1.74 0.46+0.16

−0.14 1.72+2.25
−1.72

GW Lib 0.60+0.42
−0.28 0.49+0.60

−0.49 0.00+0.56
−0.00 0.44+0.47

−0.35 0.10+0.62
−0.10 2.29+2.24

−1.92 0.88+2.57
−0.88 0.29+0.14

−0.10 0.95+2.09
−0.96

V893 Sco 0.00+0.05
−0.00 0.000.82

−0.00 1.02+0.29
−0.28 0.68+0.15

−0.14 0.77+0.19
−0.19 1.52+0.54

−0.52 1.91+0.64
−0.63 0.72+0.04

−0.06 3.68+0.67
−0.66

Z Cha 0.38+0.13
−0.12 0.000.82

−0.00 0.29+0.19
−0.18 0.61+0.13

−0.12 0.79+0.19
−0.18 0.71+0.51

−0.50 2.08+0.66
−0.64 0.62+0.04

−0.04 1.44+0.60
−0.59

HT Cas 1.85+0.66
−0.57 0.000.82

−0.00 0.75+0.58
−0.55 1.46+0.44

−0.41 1.28+0.57
−0.54 5.03+1.86

−1.77 3.67+2.10
−1.03 0.90+0.13

−0.13 0.00+1.38
−0.00

OY Car 0.64+0.24
−0.21 0.08+0.49

−0.08 0.73+0.39
−0.38 1.21+0.29

−0.23 1.56+0.43
−0.33 1.55+1.03

−0.85 2.88+1.22
−1.11 1.52+0.12

−0.10 3.35+1.11
−1.26

NOTE — Elemental abundances relative to those of the sun (Anders and Grevesse 1989) are tabulated.
Abundances of He, C, N, Na and Al are fixed to unity.
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Table 6.5 Equivalent widths of Fe 6.4 keV line

Object EW (CEVMKL) EW (VMCFLOW)

(eV) (eV)

EY Cyg 30+6
−4 34+9

−2

RU Peg 28+1
−1 26+1

−1

SS Cyg 01 41+1
−0 40+1

−1

SS Cyg 16 54+1
−0 55+1

−1

SS Cyg 18 24+1
−1 20+1

−1

SS Aur 2+2
−2 2+2

−2

U Gem 49+2
−1 48+14

−11

AB Dra 02/Jun 175.02+19.16
−5.56 202.46+2.76

−12.50

AB Dra 02/Oct 76.47+6.67
−3.16 60.67+6.51

−0.56

WW Cet 21+5
−1 30+5

−1

YZ Cnc 15+1
−2 22+1

−1

TY PsA 53+3
−4 17+1

−2

SU UMa 4+3
−2 8+5

−1

VW Hyi 17+2
−2 16+17

−16

V1504 Cyg 227+41
−10 511+65

−20

QZ Vir 13+1
−2 19+4

−2

WZ Sge 34+5
−6 36+35

−22

GW Lib 05 0+39
−0 0+0

−0

GW Lib 18 0+11
−0 0+10

−0

V893 Sco 29+1
−1 30+1

−1

Z Cha 24+1
−2 32+2

−3

HT Cas 02 20+1
−3 35+3

−2

HT Cas 03 89+6
−19 97+4

−14

OY Car 00/Jun 13+2
−2 27+1

−2

OY Car 00/Aug 0+5
−0 9+5

−2
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Fig. 6.3 Correlation diagram of bolometric luminosity (Lbol) calculated from CEVMKL and
VMCFLOW models.

6.2 Evaluation of a series of VW Hyi data

To observe the variation of the boundary layer, we have analysed one dataset of XMM-Newton

and a series of Suzaku data of the SU UMa type dwarf nova VW Hyi in optical quiescence.
This section is based on the result in Nakaniwa et al. (2019).

The spectra obtained by Suzaku are shown in Fig. 6.8. The insets are blow-ups of the
iron Kα emission line energy band. As recognized from the insets, the iron Kα emission is
dominated by the Heα component, whereas Lyα is detected only marginally. This implies that
the maximum temperature of the plasma is lower than ∼10 keV as observed by XMM-Newton.
It is also remarkable from the insets that the neutral iron Kα line (6.40 keV) seems absent. In
evaluating the spectra, we adopt NH = 6 × 1017 cm−2 (Polidan et al. 1990) as the interstellar
absorption hydrogen column density to VW Hyi. To make abundances of the major metals as
model parameters common among all the spectra, we have tried to fit the four sets of data (three
from Suzaku and one from XMM-Newton) simultaneously with the metal abundances being
set free to vary but constrained to have common values.

The best-fit continuum parameters with the CEVMKL and VMCFLOW models are summa-
rized in table 6.6 and 6.7, respectively. The resultant elemental abundances with these models
are listed in table 6.8. The result of the fit with the VMCFLOW model is shown in Fig. 6.9.
In the case of using the CEVMKL model, the maximum temperature of the plasma is nearly
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Fig. 6.4 Simultaneous fit of CEVMKL model to XMM-Newton spectra of MOS1 (black), MOS2
(red) and pn (green).
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Fig. 6.5 Simultaneous fit of CEVMKL model to XMM-Newton spectra of MOS1 (black), MOS2
(red) and pn (green).
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Fig. 6.6 Simultaneous fit of CEVMKL model to XMM-Newton spectra of MOS1 (black), MOS2
(red) and pn (green).
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Fig. 6.7 Simultaneous fit of CEVMKL model to XMM-Newton spectra of MOS1 (black), MOS2
(red) and pn (green).

constant, being confined in the narrow range 5–6 keV (table 6.6). The DEM slope α of the first
Suzaku observation (seq. #40609020) is, on the other hand, slightly larger than the other three
observations. This means that the spectrum of the first Suzaku observation is slightly harder
than the others. Based on the similarity of Tmax and α, the spectral shapes of the other three
observations resemble one another, although the flux of the XMM-Newton observation (seq.
#0111970301) is roughly half of the second and third Suzaku observations (seq. #406009030
and #406009040). Note that the flux difference between the Suzaku and XMM-Newton detec-
tors is in general less than 10% (Tsujimoto et al. 2011, Ishida et al. 2011). Hence, the smaller
flux obtained with XMM-Newton by a factor of two is significant. The resultant abundances
from the VMCFLOW model are in general greater than those from the CEVMKL model. This is
because Tmax is larger in the VMCFLOW model; a higher temperature in the keV range reduces
the volume emissivity of the Kα emission lines from abundant elements in helium-like and
hydrogen-like ionization states, and hence requires a larger abundance to explain the observed
intensities of those emission lines. The spectral fits with the CEVMKL model result in abun-
dances fairly close to solar values table 6.8), which is consistent with the results of Pandel et al.
(2005).

To confirm the mass accretion rates, as well as to estimate their systematic errors, we have
attempted to calculate them from the observed bolometric fluxes which are listed in tables 6.7
and 6.6 for the VMCFLOW and CEVMKL models, respectively. Its best-fit values are listed in
table 6.9 (the same as in table 6.7). For the conversion to the mass accretion rate, we need
the mass and the radius of the white dwarf. The mass of the white dwarf has been estimated
as MWD = 0.63 ± 0.15M⊙ in table 5.1. With this mass, the radius can be obtained from the
mass-radius relation of Nauenberg (1972) as RWD = (8.4+1.5

−1.2)× 108 cm. As a result, the mass
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Fig. 6.8 VW Hyi spectra of XMM-Newton (seq. #0111979301) and Suzaku (seq. #406009020,
406009030, 406009040). Tick marks of insets indicate energies of iron Kα emission lines from
neutral, He-like, and hydrogen-like ionization states. Note that ordinate range of XMM-Newton
main frame is different from that of Suzaku.

Table 6.6 Best-fit continuum parameters with the CEVMKL model

Seq. # 406009020 406009030 406009040 0111970301
NH (1017 cm−2) 6.0† (fixed)
Ω/2π 1.5‡ (fixed)
i 60◦§ (fixed)
Tmax (keV) 5.06+0.24

−0.23 5.88+0.39
−0.17 5.77+0.16

−0.38 5.32+0.23
−0.22

α 1.90+0.12
−0.11 1.59+0.07

−0.10 1.58+0.16
−0.06 1.45+0.07

−0.07
Flux§§ (10−12 erg cm−2 s−1)
0.2-12 keV 12.36 10.07 10.35 5.76
Bolometric|| 14.16 11.69 12.01 6.78

Luminosity§§ (1030 erg s−1)
Bolometric|| 4.94 4.07 4.19 2.36

χ2 (d.o.f.) 1623.98 (1283)
NOTE: All errors are single parameter 90% confidence level.
† Hydrogen column density to VW Hyi (Polidan et al. 1990).
‡ Solid angle of cold matter surrounding the boundary layer (Ishida et al. 2009).
§ Inclination angle of the reflector (primarily accretion disc), which is regarded as identical
with the orbital inclination angle (Ritter and Kolb 2003).
§§ The reflected component being excluded (Ω is set equal to zero after the fit converged).
|| Flux or luminosity in the band 0.04–100 keV.
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Table 6.7 Best-fit continuum parameters with the VMCFLOW model

Seq. # 406009020 406009030 406009040 0111970301
NH (1017 cm−2) 6.0† (fixed)
Ω/2π 1.5‡ (fixed)
i 60◦§ (fixed)
Tmax (keV) 8.61+0.17

−0.26 8.86+0.31
−0.22 8.67+0.20

−0.22 6.95+0.20
−0.19

Ṁ (10−12M⊙yr−1) 2.45+0.07
−0.05 1.92+0.05

−0.06 2.02+0.05
−0.05 1.40+0.03

−0.03
Flux§§ (10−12 erg cm−2 s−1)

0.2-12 keV 12.63 10.18 10.49 5.81
Bolometric|| 14.95 12.07 12.41 6.81

Luminosity§§ (1030 erg s−1)
Bolometric|| 5.21 4.21 4.33 2.37

χ2 (d.o.f.) 1818.57 (1287)
NOTE: All errors are single parameter 90% confidence level.
† Hydrogen column density to VW Hyi (Polidan et al. 1990).
‡ Solid angle of cold matter surrounding the boundary layer (Ishida et al. 2009).
§ Inclination angle of the reflector (primarily accretion disc), which is regarded as identical
with the orbital inclination angle (Ritter and Kolb 2003).
§§ The reflected component being excluded (Ω is set equal to zero after the fit converged).
|| Flux or luminosity in the band 0.04–100 keV.

Table 6.8 Best-fit elemental abundances with the VMCFLOW and
CEVMKL models

VMCFLOW CEVMKL

O 1.02+0.10
−0.10 0.93+0.10

−0.10
Mg 1.56+0.18

−0.18 1.02+0.19
−0.18

Si 1.53+0.13
−0.13 1.18+0.13

−0.13
S 1.52+0.19

−0.19 1.12+0.17
−0.17

Ar 1.71+0.53
−0.53 1.14+0.46

−0.45
Ca 1.63+0.66

−0.67 1.35+0.55
−0.55

Fe 0.95+0.04
−0.04 0.90+0.04

−0.04
Ni 2.49+0.53

−0.52 1.92+0.50
−0.49

NOTE — Elemental abundances relative to those of the sun (An-
ders and Grevesse 1989) are tabulated. Abundances of He, C, N,
Ne, Na and Al are fixed to unity.
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Fig. 6.9 Simultaneous fit of the VMCFLOW model to the Suzaku and XMM-Newton spectra.
Interstellar absorption and the reflection are considered with the models TBABS ((NH fixed at
6 × 1017 cm−2; see Polidan et al. 1990) and REFLECT.
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Table 6.9 Mass accretion rates in the unit of 10−12M⊙ yr−1 obtained from
the spectral fits.

Model Source 406009020 406009030 406009040 0111970301
VMCFLOW model parameter 2.45+0.07

−0.05 1.92+0.05
−0.06 2.02+0.05

−0.05 1.40+0.03
−0.03

bolometric flux 1.67+0.03
−0.05 1.35+0.04

−0.03 1.39+0.03
−0.03 0.86+0.03

−0.02
CEVMKL bolometric flux 1.58+0.03

−0.05 1.30+0.04
−0.03 1.34+0.03

−0.03 0.76+0.03
−0.02

accretion rate can be calculated with the following equation.

4πD2 fbol =
1
2

GMWDṀ
RWD

, (6.2)

where D = 54 pc is the distance to the source (table 6.7), fbol is the bolometric flux listed in
table 6.7 and 6.6. The factor 1/2 on the right-hand side reflects the fact that half of the accre-
tion energy is lost in the disc before the accreting matter enters the boundary layer. The mass
accretion rates thus obtained are listed in table 6.9. They are in the range 54-70% of the best-
fit Ṁ of the VMCFLOW model. Possible reasons for this inconsistency are as follows. First,
the model parameter Ṁ in VMCFLOW, which is based on eq.6.2 assumes a 3D cooling flow
geometry whereas the boundary layer is rather close to 2D. As a matter of fact, the CEVMKL

model, which can adjust the temperature dependence of DEM, provides a better fit to the spec-
tra. Second, there remains a significant uncertainty in the estimated white dwarf mass. This
can, together with the associated RWD uncertainty, result in some 50% uncertainty for Ṁ cal-
culated from the fluxes. Finally, it is possible that the white dwarf rotates at a non-negligibly
high speed compared to the Keplerian velocity at the white dwarf surface. When the accreting
matter arrives at the boundary layer, it retains kinetic energy of (RWDΩK)

2/2 per unit mass,
where ΩK is the Keplerian angular velocity on the white dwarf surface in the equatorial plane.
Here we neglect the geometrical extent of the boundary layer for simplicity. If the white dwarf
does not rotate at all, all this energy should be released in the boundary layer for the matter to
settle onto the white dwarf. If, on the other hand, the white dwarf rotates at a finite angular
velocity ΩWD, the matter is able to accrete onto the white dwarf by releasing the energy

1
2

R2
WD

(
Ω2

K − Ω2
WD

)
=

1
2

GMWD

RWD

[
1 −

(
ΩWD

ΩK

)2
]

per unit mass. Consequently, the factor 1/2 in eq.6.2 should be replaced by (1/2)[1 −
(ΩWD/ΩK)

2]. The systematic differences apparent in table 6.9 can probably be attributed
to these uncertainties and errors.
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6.3 Evaluation of a series of SS Cyg data

We have analyzed a series of XMM-Newton, Suzaku and NICER data of the U Gem type dwarf
nova SS Cyg in optical quiescence. Example of the spectra obtained by XMM-Newton, Suzaku

and NICER are shown in Fig. 6.10. From the inset, Lyα, Heα and the neutral iron Kα lines are
recognized in SS Cyg. Accordingly, when evaluating the multi-temperature plasma emission
model, we added a reflect model and a 6.4 keV gaussian as the reflection component. The
parameters of the REFLECT model were fixed with the solid angle at 1.5 and the inclination
angle at 51◦ (see Table 5.1). We have fitted all 16 sets of data (three from XMM-Newton, two
from Suzaku and eleven from NICER) simultaneously. In doing this, we set the metal abun-
dances free to vary but constrained to have common values. In the 2005 Suzaku observations,
the normalization of HXD-PIN was fixed to be 1.16 times larger than that of XIS0. The best-fit
continuum parameters with the VMCFLOW and CEVMKL models are summarized in table 6.10
and 6.11, respectively. The result of the fit with the VMCFLOW model is shown in Fig 6.11 and
6.12. Evaluation with the CEVMKL model shows a wide range of maximum temperatures from
13.93 keV to 23.82 keV (Table 6.11). In addition, the fluxes of the data observed by NICER

in 2020 are about one order of magnitude higher than those observed by the other satellites at
the other moments in 2014, 2016, and 2018. The flux difference between NICER and XMM-

Newton at 3C273 has been found to be less than 1 % (private communication with Dr. Enoto
and NICER team members). Thus, we consider that the difference in the flux of SS Cyg in
quiescence is intrinsic to the source. The resultant elemental abundances with the VMCFLOW

model and the CEVMKL model are listed in table 6.12. The abundances of oxygen, magnesium,
silicon, sulfur, and iron were almost identical between the two models.
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Fig. 6.10 Examples of SS Cyg spectra of XMM-Newton, Suzaku and NICER. Tick marks of
insets indicate energies of iron Kα emission lines from neutral, He-like, and hydrogen-like
ionization states.

70



10
−3

0.
01

0.
1

1
10

co
un

ts
 s−

1  k
eV

−1

XMM−Newton 111310201

1 100.5 2 5

0.
5

1
1.

5
ra

tio

Energy (keV)

MOS1

pn
MOS2

5 6 7 8

0.
1

1
10

10
−3

0.
01

0.
1

1
10

co
un

ts
 s−

1  k
eV

−1

XMM−Newton 820230101

1 100.5 2 5

0.
5

1
1.

5
ra

tio

Energy (keV)

MOS2

5 6 7 8

0.
01

0.
1

1

10
−4

10
−3

0.
01

0.
1

1
co

un
ts

 s−
1  k

eV
−1

Suzaku 109015010

1 100.5 2 5

0.
5

1
1.

5
ra

tio

Energy (keV)

XIS0+3
XIS1

5 6 7 8

0.
01

0.
1

1

0.
01

0.
1

1
10

10
0

co
un

ts
 s−

1  k
eV

−1

NICER 3201600110

1 100.5 2 5

0.
5

1
1.

5
ra

tio

Energy (keV)

5 6 7 8

0.
1

1
10

10
−3

0.
01

0.
1

1
10

co
un

ts
 s−

1  k
eV

−1

XMM−Newton 791000201

1 100.5 2 5

0.
5

1
1.

5
ra

tio

Energy (keV)

MOS1

pn
MOS2

5 6 7 8

0.
01

0.
1

1

10
−4

10
−3

0.
01

0.
1

1
co

un
ts

 s−
1  k

eV
−1

Suzaku 400006010

1 10

0.
5

1
1.

5
ra

tio

Energy (keV)

XIS0+2+3

HXD-PIN
XIS1

5 6 7 8

0.
01

0.
1

1

0.
01

0.
1

1
10

10
0

co
un

ts
 s−

1  k
eV

−1

NICER 3201600109

1 100.5 2 5

0.
5

1
1.

5
ra

tio

Energy (keV)

5 6 7 8

0.
1

1
10

0.
01

0.
1

1
10

10
0

co
un

ts
 s−

1  k
eV

−1

NICER 3201600111

1 100.5 2 5

0.
5

1
1.

5
ra

tio

Energy (keV)

5 6 7 8

0.
1

1
10

Fig. 6.11 Simultaneous fit of VMCFLOW model to SS Cyg spectra of XMM-Newton, Suzaku and
NICER. Tick marks of insets indicate energies of iron Kα emission lines from neutral, He-like,
and hydrogen-like ionization states.
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Fig. 6.12 Simultaneous fit of VMCFLOW model to SS Cyg spectra of NICER. Tick marks of
insets indicate energies of iron Kα emission lines from neutral, He-like, and hydrogen-like
ionization states.
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Table 6.10 Best-fit continuum parameters with the VMCFLOW model.

Flux§§ Luminosity§§

Instrument Seq. # NISM
H Tmax Ṁ EW 0.2 - 12 keV Bolometric|| Bolometric|| χ2

(1020 cm−2) (keV) (10−12M⊙yr−1) (eV) (10−12 erg cm−2 s−1) (1030 erg s−1) (d.o.f.)

7263.54 (3193)

XMM-Newton

111310201 0.51+0.23
−0.23 22.80+0.62

−0.53 47.39+0.84
−9.32 43.07+0.62

−0.55 126.04 165.81 261.39 ± 2.08

791000201 0.91+0.20
−0.20 20.47+0.57

−0.50 14.28+0.28
−0.29 59.62+0.88

−0.89 34.40 43.90 69.20 ± 0.55

820230101 1.31+0.19
−0.19 22.74+0.64

−0.57 59.30+1.10
−1.17 23.54+0.64

−0.87 153.65 201.62 317.84 ± 2.53

Suzaku

400006010 3.09+0.20
−0.20 21.31+0.43

−0.42 27.69+0.44
−0.42 54.27+0.68

−0.45 65.65 85.13 134.19 ± 1.07

109015010 2.32+0.35
−0.36 19.29+0.61

−0.56 14.32+0.35
−0.37 51.41+1.10

−0.56 31.67 39.93 62.95 ± 0.50

NICER

3201600109 6.23+0.16
−0.16 53.18+2.09

−1.88 169.12+4.16
−4.28 30.77+52.07

−26.61 793.93 1362.40 2147.72 ± 17.08

3201600110 6.37+0.13
−0.14 53.47+1.94

−1.52 218.18+4.24
−5.04 30.16+35.02

−17.25 1027.20 1766.50 2784.75 ± 22.15

3201600111 5.24+0.15
−0.15 42.19+1.50

−1.49 208.01+5.01
−4.71 42.72+52.48

−3.73 825.51 1315.40 2073.63 ± 16.50

3201600112 4.21+0.17
−0.17 34.76+1.21

−1.11 195.61+4.28
−4.33 23.83+19.42

−23.83 674.79 1010.60 1593.13 ± 12.67

3201600113 5.12+0.27
−0.27 36.54+2.22

−1.82 107.40+3.70
−4.03 40.57+86.22

−40.57 381.45 581.85 917.24 ± 7.30

3201600114 3.55+0.96
−0.92 23.21+4.23

−3.56 129.96+16.54
−14.53 14.67+283.11

−14.67 326.76 434.81 685.45 ± 5.45

3201600115 3.95+0.26
−0.25 28.76+1.42

−1.33 141.12+4.64
−4.51 49.97+84.69

−49.97 421.25 595.84 939.30 ± 7.47

3201600116 4.61+0.18
−0.17 30.19+1.59

−1.00 150.73+3.44
−6.67 50.42+47.44

−46.71 463.31 666.76 1051.10 ± 8.36

3201600117 4.03+0.19
−0.19 32.75+1.27

−1.29 193.38+5.37
−4.93 28.36+31.88

−28.36 637.98 938.23 1479.05 ± 11.77

3201600122 3.55+0.30
−0.32 27.69+1.71

−1.40 140.78+5.17
−5.60 33.47+74.97

−33.47 409.62 572.22 902.06 ± 7.18

3201600123 4.28+0.27
−0.28 27.27+1.39

−1.23 105.48+3.46
−3.53 71.76+119.11

−25.75 300.96 419.45 661.23 ± 5.26

NOTE: Errors of NISM
H , Tmax, Ṁ are single parameter 90% confidence level.

† Parameters of partial covering absorption model.
§§ The reflected component being excluded (Ω is set equal to zero after the fit converged).
|| Flux or luminosity in the band 0.04–100 keV.
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Table 6.11 Best-fit continuum parameters with the CEVMKL model.

Flux§§ Luminosity§§

Instrument Seq. # NISM
H Tmax α EW 0.2 - 12 keV Bolometric|| Bolometric|| χ2

(1020 cm−2) (keV) (eV) (10−12 erg cm−2 s−1) (1030 erg s−1) (d.o.f.)

6225.59 (3193)

XMM-Newton

111310201 2.25 ± 0.27 20.68 ± 0.68 0.70 ± 0.03 40.86 144.30 213.93 337.24 ± 2.68

791000201 2.61 ± 0.24 20.23 ± 0.81 0.65 ± 0.03 53.85 39.73 58.01 91.44 ± 0.73

820230101 1.74 ± 0.19 17.74 ± 0.53 0.85 ± 0.03 23.97 178.54 255.37 402.57 ± 3.20

Suzaku

400006010 3.96 ± 0.21 17.62 ± 0.38 0.80 ± 0.02 53.61 76.58 109.33 172.35 ± 1.37

109015010 1.98 ± 0.35 13.93 ± 0.45 0.99 ± 0.05 52.25 36.78 48.86 77.03 ± 0.61

NICER

3201600109 5.58 ± 0.11 23.58 ± 0.78 1.26 ± 0.04 40.70 937.99 1622.80 2558.22 ± 20.35

3201600110 5.62 ± 0.09 22.48 ± 0.91 1.34 ± 0.06 39.97 1210.70 2069.60 3262.57 ± 25.95

3201600111 4.75 ± 0.11 20.92 ± 0.81 1.18 ± 0.04 52.57 968.96 1569.90 2474.83 ± 19.69

3201600112 4.31 ± 0.14 23.28 ± 0.73 0.92 ± 0.03 27.29 799.00 1304.30 2056.13 ± 16.36

3201600113 5.15 ± 0.22 23.82 ± 1.31 0.94 ± 0.04 44.39 452.89 750.99 1183.88 ± 9.42

3201600114 4.32 ± 0.84 19.86 ± 4.75 0.77 ± 0.14 12.68 385.61 576.30 908.49 ± 7.23

3201600115 4.19 ± 0.21 21.65 ± 1.31 0.87 ± 0.04 49.96 499.15 782.74 1233.93 ± 9.82

3201600116 4.93 ± 0.15 23.40 ± 0.73 0.84 ± 0.02 49.40 552.15 892.17 1406.44 ± 11.19

3201600117 4.21 ± 0.16 21.88 ± 1.01 0.92 ± 0.04 32.49 751.33 1194.50 1883.04 ± 14.98

3201600122 3.91 ± 0.29 22.31 ± 1.96 0.82 ± 0.06 31.77 486.86 766.68 1208.61 ± 9.61

3201600123 4.72 ± 0.26 22.26 ± 1.72 0.81 ± 0.05 69.39 357.95 563.42 888.19 ± 7.07

NOTE: Errors of NISM
H , α, Tmax are single parameter 68% confidence level.

† Parameters of partial covering absorption model.
§§ The reflected component being excluded (Ω is set equal to zero after the fit converged).
|| Flux or luminosity in the band 0.04–100 keV.

Table 6.12 Best-fit elemental abundances with the VMCFLOW and
CEVMKL models

VMCFLOW CEVMKL

O 0.34+0.01
−0.01 0.35 ± 0.01

Ne 0.18+0.03
−0.03 0.26 ± 0.02

Mg 0.29+0.04
−0.04 0.29 ± 0.02

Si 0.62+0.03
−0.03 0.60 ± 0.02

S 0.66+0.04
−0.04 0.61 ± 0.03

Ar 1.19+0.13
−0.13 1.02 ± 0.09

Ca 1.11+0.17
−0.17 0.86 ± 0.11

Fe 0.26+0.01
−0.01 0.28 ± 0.01

Ni 0.27+0.11
−0.11 0.39 ± 0.07

NOTE — Elemental abundances relative to those of the sun (An-
ders and Grevesse 1989) are tabulated. Abundances of He, C, N,
Na and Al are fixed to unity.
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CHAPTER 7

Disccusion

7.1 Correlation between the results of X-ray spectra evaluation and parameters
of dwarf nova systems

To understand the physical mechanism at work in the boundary layer, we examined the corre-
lation between its physical parameters obtained from our analysis and those of the DNe listed
in table 5.1.

7.1.1 X-ray luminosity

Given the distances from the Gaia Collaboration data release 2 and the bolomeric flux esti-
mated from the spectral evaluation, we calculated the bolometric luminosity for each object
with eq. 6.1. Figure 7.1 shows the bolometric luminosity evaluated with the CEVMKL model
versus the orbital period. There appears to be a correlation between the luminosity and the or-
bital period. Byckling et al. (2010) analyzed 12 DNe observed by Suzaku, XMM-Newton, and
ASCA satellites with cooling flow model and found similar correlations to our results, although
they did not take into account the reflection spectral component. From § 6.1, the bolometric
luminosity obtained by CEVMKL and VMCFLOW are consistent (Fig. 6.3), and hence, we as-
sume that there is no difference between the models. In the Fig. 7.1, it appears that GW Lib
in 2005 is way off compared to GW Lib in 2018. From tables 6.1 and 6.2 in § 6.1, although
the spectral parameters are not well constrained, the Tmax between the two data agree within
90 % error between 5.6 and 7.1 keV. Also, α, the index of the power law emissivity function of
CEVMKL, is almost identical at ∼0.7. However, GW Lib in 2005 had a mass accretion rate 1/7
times lower than in 2018. The same applies to SS Cyg and OY Car. On the other hand, the two
observations of AB Dra observed in 2002 results in the different α, and the spectrum in June is
softer than that in October. According to the optical light curve of AB Dra in the AAVSO, the
outburst continued until 6 days before the XMM-Newton observation time in October, while in
June the outburst continues until 2 days before. This indicates that the boundary layer may not
have reached a steady state.
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Fig. 7.1 X-ray bolometric luminosities evaluated with CEVMKL model versus orbital period of
our sample. Data points are displayed in different colors sorted by white dwarf mass (MWD)
in table 5.1; black is MWD ≥ 1.0M⊙, red is 1.0M⊙ > MWD ≥ 0.8M⊙, blue is 0.8M⊙ >
MWD, orange represents objects with no white dwarf mass data.
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7.1.2 Mass accretion rate in optical quiescent state

Figure 7.2 shows the boundary layer mass accretion rate by VMCFLOW model versus the orbital
period. The data points are classified into different colors by the white dwarf mass in table 5.1.
In the 19 DNe we analyzed, the mass accretion rates cover the range of 1 × 10−13M⊙ yr−1

to 8 × 10−11M⊙ yr−1. There are at least two studies that have estimated the mass accretion
rate in the boundary layer by evaluating the spectra of DNe at quiescence with different cooling
flow models. Pandel et al. (2005) analyzed 10 DNe observed with XMM-Newton and showed
that the mass accretion rates cover almost two orders of magnitude, from 3 × 10−12M⊙ yr−1

to 1 × 10−10M⊙ yr−1 although they were not able to show any clear trend between the mass
accretion rate and the orbital period. Wada et al. (2017) reported that the mass accretion rates
of 15 DNs observed with Suzaku cover the range from 5 × 10−13M⊙ yr−1 to 9 × 10−11M⊙
yr−1. However, these results did not take into account the reflection spectral component. In
addition, now we are able to utilize distance estimates from the Gaia Collaboration data release
2, released in December 2018, which is of essential importance to enhance the accuracy of our
mass accretion rate estimates. We therefore believe that our mass accretion rate estimates are
much more reliable that those from the previous works.

1 102 5

0.1

1

10

100

[1
0−

12
M

O.
 y

r−
1 ]

M
as

s 
ac

cr
et

io
n 

ra
te

Orbital Period [hr]

EY Cyg

RU Peg

SS Cyg_01

SS Cyg_16

SS Cyg_18

SS Aur

U Gem

AB Dra_02/Oct

AB Dra_02/Jun
WW CetYZ Cnc

TY PsA

SU UMa

VW Hyi

V1504 Cyg

QZ Vir

WZ Sge

GW Lib_05

GW Lib_18

V893 Sco

Z ChaHT Cas_02
HT Cas_03

OY Car_00/Aug
OY Car_00/Jun

Fig. 7.2 Orbital period versus mass accretion rate (Ṁ) of boundary layer observed with XMM-
Newton. Source sample with 90 percent uncertainties for Ṁ. Data is classified by white dwarf
mass (MWD) in table 5.1, black is MWD ≥ 1.0M⊙, red is 1.0M⊙ > MWD ≥ 0.8M⊙, blue
is 0.8M⊙ > MWD, orange is no data.

From Fig. 7.2, it is shown that the mass accretion rate of the boundary layer decreases
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with the orbital period. This correlation is reminiscent of that found by Warner (1987) for the
absolute visual magnitudes of the DN disks at minimum light. We have compared the mass
accretion rates of the boundary layer and the accretion disk. As a theoretical model for the
mass accretion rate in the disk, we utilized the following equation for the accretion rate during
outburst (Cannizzo 1993),

Ṁ = 1.1 × 10−8M⊙yr−1

(
αH

0.1

)1.14(
αC

0.02

)−1.23(
f

0.4

)1.43(
rd

4 × 1010

)2.57

. (7.1)

The equation is derived based on the standard disk model and their parameters are adjusted with
the limit cycle of the dwarf star SS Cyg, where αH and αC are the viscosity during outburst and
quiescence, respectively, f is the scale factor of the disk mass, and rd is the maximum radius
of the quiescent disk just before the onset of an outburst. Based on the observations of SS Cyg,
we set αH = 0.1, αC = 0.02, f = 0.4. Since the quiescent disk radius was determined as rd/a =
0.29 for U Gem (Smak 1984b), 0.31 for WZ Sge (Smak 1993), and 0.313 for OY Car (Wood
et al. 1989), we adopted rd/a = 0.30 based on the empirical results. Substituting eq.2.1, 2.5
and 2.6 into eq.7.1, we can express Ṁ in terms of white dwarf mass and orbital period. In
quiescence, on the other hand, it is known from observations that dwarf novae are in general
fainter than in outburst with a V-magnitude of 2 to 5. We therefore draw a model accretion
rate curve in quiescence by scaling eq. 7.1 with this factor. Figure 7.3 shows the accretion rate
during outburst as a pair of dashed lines. Magenta and green curves represent MWD = 0.6M⊙

and = 1.2M⊙ cases, respectively. The dashed-dotted lines and dotted lines show the mass
accretion rate in quiescence, which correspond to ∆mV = 2 (a factor of 6.3) and = 5 (a factor
of 100), respectively. The figure shows that the observed accretion rate of the boundary layer
at quiescence is about one order of magnitude lower than that of the disk.

One possible reason for this is that the white dwarf has a large rotation velocity and the ac-
creting matter settles onto the white dwarf before releasing all remaining energy. The reduction
factor is [1 − (ΩWD/ΩK(RWD)]

2. To verify this hypothesis, we have corrected the mass ac-
cretion rate of the boundary layer for objects with known rotation velocities, which are listed in
the table 7.1. The apparent V magnitude during the quiescence was referred to from the optical
light curve taken from the homepage of the American Association of Variable Star Observers
(AAVSO)1. For the apparent V magnitude in outburst, we adopted the maximum brightness of
the normal outburst in the cataclysmic star catalog Ritter and Kolb (2003). With these parame-
ters and the rotational velocity of the white dwarf, we corrected the theoretical mass accretion
rate of the boundary layer, by multiplying [1 − (ΩWD/ΩK(RWD)]

2, to obtain ṀBL in table
7.1, which is in general much smaller than the observed mass accretion rate determined with
the VMCFLOW model. As a result, the effect of the rotation velocity of the white dwarf is not
enough to confirm the observed results. We suggest that there is a mechanism that causes the

1https://www.aavso.org
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gas to be released during accretion from the disk to the white dwarf.
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Fig. 7.3 Dashed lines are mass accretion rate model of disk at outburst phase (eq. 7.1). Dashed-
dotted lines and dotted lines show mass accretion rate at quiescence, which is 2 orders and 5
orders of magnitude darker than outburst, respectively. (Magenta : MWD = 0.6M⊙, Green
: MWD = 1.2M⊙). Data points are displayed in different colors with the white dwarf mass,
which is the same was as in Fig.7.2.

7.1.3 Plasma temperature of the boundary layer.

We have plotted the maximum plasma temperature ( Tmax ) estimated from the spectral analysis
versus the orbital period of the object in Fig 7.4. There seems to be a correlation between
the Tmax and the orbital period. In particular, the objects with a larger mass white dwarf
seem to have higher Tmax. We therefore plotted the maximum temperature of the boundary
layer versus the mass of the white dwarf in Fig. 7.5, and compared them with the theoretical
temperature of the post-shock gas (eq. 2.40) that has experienced a strong shock. TY PsA
and V1504 Cyg, for which no white dwarf mass data are available, are omitted. Figure 7.5
shows a clear correlation between Tmax estimated from the CEVMKL model and the white
dwarf mass. Tmax is also observed to be about 40 % lower than the theoretical temperature
after the shock. This suggests that strong shock does not necessarily occur in the boundary
layer of DN because the mass flow in the disc is probably highly oblique to the shock front.
On the other hand, Tmax estimated from the VMCFLOW model shows a large scatter among
objects with similar white dwarf masses. In the VMCFLOW model, the temperature dependence
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Table 7.1 Calculated mass accretion rate at quiescent phase boundary layer

Object MWD Porb Vq† VOB
min

‡ Ṁq
disk ΩWD ΩK(RWD) Ṁq

BL Ṁq
BL (VMCFLOW)

(M⊙) (hr) (mag) (10−12M⊙ yr−1) (km s−1) (10−12M⊙ yr−1) (10−12M⊙ yr−1)

RU Peg 1.06 ± 0.04 8.99 12.5 9.5 2068.40 40+30
−15

a 4538.85 2032.13 79.80+2.93
−3.89

SS Cyg 01 1.19 ± 0.02 6.60 12.0 8.2 647.57 200 b 4902.76 595.82 46.64+1.18
−1.10

SS Cyg 16 – – 12.1 – 590.59 – – 543.39 13.90+0.33
−0.33

SS Cyg 18 – – 12.0 – 647.57 – – 595.82 57.72+1.51
−1.47

SS Aur 1.08 ± 0.40 4.39 15.2 10.5 97.63 400 ± 100 a 4595.77 81.37 6.20+0.40
−0.55

U Gem 1.20 ± 0.05 4.25 14.1 8.6 55.99 100 ± 30 c 4930.18 53.74 2.81+0.09
−0.12

WW Cet 0.83 ± 0.16 4.22 14.7 10.5 57.88 600 ± 100 d 3855.92 41.27 33.74+1.89
−2.43

VW Hyi 0.63 ± 0.15 1.78 13.8 9.5 7.11 400 ± 100 a 3208.51 5.45 1.39+0.05
−0.04

WZ Sge 0.85 ± 0.04 1.36 15.0 11.2 22.13 1200+300
−400

e 3917.61 10.65 0.90+0.10
−0.10

† Obtained from the homepage of the American Association of Variable Star Observers (AAVSO).
‡ The parameters are from ”Catalogue of Cataclysmic Binaries, Low-Mass X-Ray Binaries, and Re-
lated Objects Edition 7.24” (Ritter and Kolb 2003).
a From Godon et al. (2008)
b From Sion et al. (2010)
c From Sion et al. (1998)
d From Godon et al. (2006)
e From Cheng et al. (1997)

of the emission measure is automatically determined by the plasma cooling function. Since
the CEVMKL model, which represents the DEM as a power law function of temperature, fits
the spectra better with smaller χ2 values, we consider that the VMCFLOW model developed for
galaxy clusters does not necessarily reproduce the temperature dependence of DNe.

7.2 Variation of mass accretion rate onto the white dwarf

7.2.1 VW Hyi

7.2.1.1 Evolution of Ṁ with supercycle phase

In Fig. 7.6 we show a time history of the mass accretion rate evaluated in § 6.2 with the V-
magnitude light curves drawn since the onset of the last superoutburst before the Suzaku and
XMM-Newton observations. Here we plot the best-fit parameter Ṁ of VMCFLOW listed in Ta-
ble 6.7. We have added a few more data points from past observations. Of the two ASCA points,
the first one comes from the observation carried out in 1993 November, which is presented in
Baskill et al. (2005). We have reanalysed the data to find that our bolometric flux coincides with
theirs within 10%. The other is taken from the observation in 1995 March, which has never
been published. We have processed the data in the same way as the first ASCA observation, and
have found that VW Hyi was extremely faint. We plot the best-fit Ṁ of the VMCFLOW model
for both ASCA datasets. The third data point originates from the Ginga and ROSAT observation
which is published by Wheatley et al. (1996). The authors of this paper fitted the contempo-
raneous Ginga and ROSAT spectra with a two component thermal bremsstrahlung model. We
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Fig. 7.4 Orbital period versus maximum temperature of plasma (Tmax) obtained by (left panel)
CEVMKL model and (right panel) VMCFLOW model. Source sample with 90 percent un-
certainties for Tmax. Data is classified by white dwarf mass (MWD) in table 5.1, black is
MWD ≥ 1.0M⊙, red is 1.0M⊙ > MWD ≥ 0.8M⊙, blue is 0.8M⊙ > MWD, orange is no
data.
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Fig. 7.6 Time history of mass accretion rate, VMCFLOW parameter Ṁ, since last superoutburst.
Filled circles coloured with red and blue in top panel are from Suzaku and XMM-Newton, re-
spectively. Open circles coloured with green and orange are from ASCA observations (Baskill
et al. 2005) and contemporaneous Ginga+ROSAT observations (Wheatley et al. 1996), respec-
tively. Middle and bottom panels show V-magnitude light curve corresponding to same super-
cycles of the Suzaku and XMM-Newton observations.

have calculated the bolometric flux from their best-fit model parameters, and derived the mass
accretion rate through eq. (6.2). In converting this to the VMCFLOW parameter Ṁ, we refer to
the conversion factor 54%-70% from the VMCFLOW parameter Ṁ to the flux-based Ṁ (§ 6.2).
We would like to remark, however, that this Ginga+ROSAT observation was carried out only a
few days after the onset of an outburst, and the hard X-ray counting rate had been increasing
systematically (see Fig. 1 of Wheatley et al. 1996). This implies that the boundary layer had
not reached a steady state.

At first sight of the four data points from the Suzaku and XMM-Newton observations, there
seems a steady decline of the mass accretion rate as time passes. Although the first Suzaku

observation has the highest mass accretion rate of the four, the second Suzaku observation gives
a similar mass accretion rate as the third observation, which was carried out some 60 days after
the second. Moreover, the mass accretion rate from the XMM-Newton observation, which was
performed at nearly the same epoch as the third Suzaku observation, is smaller than that of
the third Suzaku observation by ∼30%. As noted in § 6.2, disagreement of fluxes measured
with Suzaku and XMM-Newton detectors is less than 10% (Tsujimoto et al. 2011, Ishida et al.
2011). Hence this flux disagreement is real. Although the three Suzaku observations and the
XMM-Newton observation belong to different supercycles, we conclude that there is no clear
trend in the mass accretion rate as a function of the time since the eruption of a superoutburst.
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This conclusion holds, or is even reinforced, with the ASCA and Ginga + ROSAT data points
being included.

We remark that, in SU UMa type DNe, the total mass of the accretion disc increases between
two superoutbursts (Osaki 1996). As the disc accumulates mass, its surface density is expected
to increase as time passes, and hence the mass accretion rate also increases. Such a systematic
increase of the mass accretion rate is not evident from the current Suzaku and XMM-Newton

observations.

7.2.1.2 Evolution of Ṁ in the outburst cycle

In Fig. 7.7, we have plotted the mass accretion rate as a function of the time since the last
outburst (including the superoutburst). In contrast to Fig. 7.6, this shows a clear decreasing
trend of the mass accretion rate, except for the extremely low mass accretion rate in the second
ASCA observation.

There are at least a couple of previous works that suggest decline of the hard X-ray flux
during optical quiescence. McGowan et al. (2004) analysed four sets of RXTE PCA data of
SS Cyg, each of which encompass ∼2 weeks to a few months. They found that the X-ray
counting rate in the band 1.3–12.2 keV declines at a rate of 1.3% d−1, accumulating 40%
decrease in 31 days since the instance when SS Cyg gets fainter than mV = 11.7 mag. Collins
and Wheatley (2010) found that the X-ray counting rate of SU UMa in quiescence in the band
2.0-18.5 keV observed with the RXTE PCA decreases at a rate of 0.09 counts s−1 d−1 from 5.8
counts s−1, which implies −1.6% d−1, similar to SS Cyg. The decline of the mass accretion
rate in the current dataset of VW Hyi is 43% in ∼20 d, implying the rate of −2.2% d−1.
This is of the same order as the previous two works, although our method differs from these
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previous works in that we directly derived the accretion rate from the X-ray spectra obtained by
spectroscopic observations. This is the first study to establish that the accretion rate to a white
dwarf is directly measured and verified to be decreasing in time during optical quiescence.

The authors of these two previous works mentioned that the global decline of the mass
accretion rate within the boundary layer during the quiescent phase (inter-outburst period) con-
flicts with the expectation of the disc instability model, which predicts increasing accretion rate
during quiescence (e.g. Lasota 2001). One may invoke retardation of mass transfer through the
disc. Mineshige and Osaki (1985) showed in their disk instability simulation that the outburst is
triggered by a heating wave that is initiated in the outer part of the disc and travels inward. The
expected delay of an outburst in the EUV band is really detected in SS Cyg; Wheatley et al.
(2003) found that the rise of the EUV flux is retarded from the onset of the optical outburst
by 1.5-2 d. Collins and Wheatley (2010) found that in SU UMa the hard X-ray suppression,
which is expected to occur simultaneously with the EUV outburst, is retarded by 0.57 d on the
average from the onset of the optical outburst. These results indicated that it takes ∼1 day for
the heating wave to reach the boundary layer from the optically bright part of the disk. Since
the quiescent disc is expected to have much lower density, the time necessary for physical
quantities to propagate through the disc should be much longer.

Finally, we briefly mention the extremely faint state of VW Hyi observed with ASCA in
March 1995. VW Hyi was so faint and the mass accretion rate at that time was much lower than
the declining trend shown in Fig. 7.7. Although the spectral parameters are not constrained very
well, the ASCA spectrum in 1995 is fitted with the CEVMKL model with Tmax = 8.13+3.71

−2.20 keV.
The spectrum seems much harder than the other quiescence spectra presented in this paper.
This can be attributed to a lower mass accretion rate, resulting in lower cooling efficiency of
the plasma. The reason for VW Hyi to fall into such a low state should be pursued in the future.

7.2.2 SS Cyg

As a result of analyzing multiple data sets from VW Hyi, we confirmed that the accretion rate
to the white dwarf tends to decrease with time since the onset of the last outburst. Accordingly,
we carried out the same analysis to multiple data sets of SS Cyg, a U Gem-type dwarf nova.
The left panel of Fig. 7.9 shows the mass accretion rate from XMM-Newton, Suzaku and NICER

observations as a function of the time since the onset of last outburst as in Fig. 7.7. The V-
magnitude light curves drawn since the onset of the last outburst before the each observation
are shown in the right panel of Fig. 7.9 . Although there is a large scatter, the mass accretion
rate of SS Cyg shows on the whole an exponential decreasing trend. On the other hand, the
V-magnitude at the time of the XMM-Newton and Suzaku observations was about 12, while
that of NICER’s was different, at about 11. Hence, the volume of gas accreted in the disk is
probably different.

We first evaluated the mass accretion rate obtained from the XMM-Newton and Suzaku

84



1 100.2 0.5 2 5

10
−6

10
−5

10
−4

10
−3

0.
01

0.
1

co
un

ts
 s−

1  k
eV

−1

Energy (keV)

ASCA VW Hyi

 1993

 1995 (10−2)

GIS2

GIS3

Fig. 7.8 VW Hyi spectra of ASCA in 1993 and 1995.

0 20 40 60

10

100

M
as

s 
ac

cr
et

io
n 

ra
te

 [
10

−
12
M

O.
 y

r−
1 ]

Time since the last outburst [d]

XMM−Newton
NICER

Suzaku

12
10

8

05
/1

3
20

01

12
10

8

09
/0

6
20

05

12
10

8

10
/2

4
20

14

12
10

8

04
/1

8
20

16

12
10

8

10
/2

8
20

18

0 20 40 60
12
10

8

05
/1

2
20

20

Time since the last outburst [d]

Fig. 7.9 Time history of mass accretion rate, VMCFLOW parameter Ṁ, since last outburst.
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observations. In Fig. 7.10, we have plotted the mass accretion rate as a function of the time since
the last outburst. Except for the low mass accretion rate in the 2016 XMM-Newton observation,
the mass accretion rate shows a clear declining trend at a rate of −2.6 to −1.2 % d−1. This
result confirms the decrease rate of 1.3 % d−1 calculated from the 1.3–12.2 keV count rate of
SS Cyg in McGowan et al. (2004). Next, we plotted the mass accretion rate and the bolometric
luminosity derived with the NICER observation as a function of the time since the last outburst.
The bottom panel in Fig.7.11 shows the V-magnitude light curve at the time of the NICER

observations. Figure 7.11 shows that the mass accretion rate has halved in one day at around
the 14 th day since the last outburst. During the same period, the bolometric luminosity also
decreased significantly. In Figure 7.8, the V-magnitude light curve shows that it takes more time
to increase from quiescence to the maximum magnitude when observed with NICER than when
observed with XMM-Newton and Suzaku. This is a characteristic of the inside-out outburst. In
the inside-out outburst, the disk starts thermal instability radially from inside to outside, so the
transition is slower than in the outside-in outburst, and the light curve has a rounded shape.
In addition, the inside-out outburst is predicted to return to the quiescent state while re-flaring
repeatedly (Menou et al. 2000, Lasota 2001). We argue that the luminosity plunge seen in the
Fig.7.11 is due to re-flaring. Using only the data with the highest mass accretion rate (sequence
# 3201600110) and the last two data (sequence # 3201600122 and 3201600123), we evaluated
the mass accretion rate obtained from the NICER observations. The mass accretion rate shows
a decreasing trend at a rate of −2.5 to −1.9 % d−1. This result is within the range of decreasing
rates calculated using XMM-Newton and Suzaku data.

7.3 Structure of the boundary layer in quiescence

Our analysis shows that the mass accretion rate observed at the boundary layer declines during
optical quiescence, which seems in contradiction to the prediction of the theoretical model
of the accretion disk. Theoretical models of the boundary layer are complicated because of
the strong shear and turbulence of the accretion flow. Meyer and Meyer-Hofmeister (1994)
suggests that the gas is spread out like a corona at the inner edge of the disk in quiescent dwarf
novae, and evaporates in siphon flow by heating through thermal conduction. They assume
that the observed X-rays radiate from the boundary layer and the corona that stays above the
accretion disk. The gas in the forming corona is partially accreted onto the white dwarf and
partially lost in a flow. Progressively, the inner radius of the disk moves outward with time, and
the coronal flow decreases accordingly. This model seems to represent the decrease in UV flux
after the outburst of VW Hyi observed by International Ultraviolet Explorer.

On the other hand, in order to reconcile the mass accretion rate decline in quiescence with
the standard disc instability model, one may presume that the optically thick disc survives
close to the orbital plane even in the optically-quiescent state, being covered with an optically
thin boundary layer. Since there must be some density gradient in the disc in the direction
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perpendicular to the orbital plane, such a geometry may be possible. As the mass accretion
rate increases, this optically thick boundary layer grows and consumes a larger fraction of the
accretion energy, resulting in the apparent decline of Ṁ in the hard X-ray band. The emission
from such a disc is expected to appear in the EUV band, being somewhat Comptonized by
the overlying optically thin hot plasma. Such a spectral component, however, has not been
detected so far; we should confess that such an optically thick component of the boundary
layer in quiescence is just speculation at this moment.

Finally, the standard disk instability model (e.g. Lasota (2001)) may need to be modi-
fied. Although the model predicts an increase of the mass accretion rate through the disk in
quiescence, the optical magnitude seems fairly constant throughout the quiescence phase (see
Fig. 7.6 and 7.9). The optical flux originates not only from the accretion disc but also from the
white dwarf and the secondary star. Of them, the emission from the white dwarf may decline
during quiescence due to cooling after the outburst. It is, however, difficult to imagine that
the increase of the disc emission and the decrease of the white dwarf emission just compensate
each other. We also believe there is no DN that shows a steady decline of the V-magnitude (flux
increase) during optical quiescence.
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CHAPTER 8

Conclusion and Future Prospect

8.1 Conclusion

In this thesis, we have investigated the nature of the boundary layer that forms between the
inner edge of the accretion disk and the white dwarf in order to understand the mass accretion
process of dwarf novae. The temperature of the boundary layer in optical quiescence is 108 K
and X-ray observation is suitable for this study. We have analyzed a series of dwarf novae data
taken with XMM-Newton, Suzaku and NICER.

We have performed X-ray spectral analysis of XMM-Newton data for 19 quiescent dwarf
novae. The observed spectra in the band 0.5–10 keV are moderately well represented by the
multiple temperature thermal plasma emission models (the CEVMKL and VMCFLOW models
in XSPEC) adding the reflection component of the plasma from the disk and white dwarf sur-
face (the REFLECT model in XSPEC), and a fluorescent Fe emission line at 6.4 keV. With this
updated X-ray spectral model and the reliable distance estimates to the observe DNe now avail-
able thanks to the Gaia Collaboration Data release 2 (Gaia Collaboration et al. 2018), the mass
accretion rates at the boundary layer were obtained with an unprecedented accuracy, which
cover the range from 1 × 10−13M⊙ yr−1 to 8 × 10−11M⊙ yr−1. Owing to the high precision
of the mass accretion rates, we confidently found that the mass accretion rate becomes smaller
with decreasing orbital period. Quantitative analysis revealed that the observed accretion rate
of the boundary layer in quiescence is about one order of magnitude smaller than that of the
disk (§ 7.1.2). This reduction of the mass accretion rate is much more than that can be explained
by the white dwarf rotation, and hence we need to invoke some other mechanism, such as the
gas evaporation from the boundary layer (§ 7.3). In addition, we have measured the maximum
plasma temperatures, which are in the range 5.7 to 20.6 keV. Thanks to these high precision
measurements, we have found that the maximum temperature of the boundary layer shows a
clear positive correlation with the white dwarf mass. They are approximately 40% of those
predicted at the shock front in the radial free-fall flow on the white dwarf surface (§ 7.1.3).

In order to elucidate time evolution of the mass accretion rate of dwarf novae in the optically-
quiescent phase, we have analyzed a series of VW Hyi data taken with XMM-Newton and
Suzaku. From the evaluation of the spectra, we have derived the mass accretion rates. We plot
the mass accretion rate against the elapsed time since the last outburst, and we have found a
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systematic declining trend with a rate of −2.2 % d−1. According to the standard disk insta-
bility model (e.g. Lasota (2001)), the mass accretion rate is predicted to increase throughout
the quiescence phase. Therefore, we have performed the same evaluation using data from
SS Cyg observed by XMM-Newton, Suzaku, and NICER. Consequently, the mass accretion rate
of SS Cyg decreased by a rate of −2.6 to −1.2 % d−1. The standard disk instability model
may need to be modified.

8.2 Future prospect

After scrutinizing XMM-Newton data of DNe systematically, we found that the mass accretion
rate through the boundary layer is much smaller than that in the optically thick accretion disk.
The reason for this is still unclear. One possibility is outflow from the boundary layer, we ob-
viously need observational evidence. For this to be done, we believe simultaneous observation
with multiple wavelengths of V-band, EUV, and X-rays is preferable. As far as X-ray observa-
tions are concerned, the effect of the reflection component needs to be verified for each object.
The reflection spectra produced have a broad “bump” structure centered at around 30 keV. On
the other hand, the measurement energy range of XMM-Newton is limited to 0.1 - 15 keV. X-ray
observations in higher energies up to, say ∼50 keV, is of essential importance in measuring the
reflection component with higher precision. This will help enhancing reliability of the maxi-
mum temperature measurements. This will be able to be done with NuSTAR (Harrison et al.
2013) and FORCE (Mori et al. 2016) mission in the future. In order to investigate more detailed
geometry of the boundary layer, it is necessary to increase the effective area while extending
the measurable range to several tens of keV. We believe that an astronomical satellite that meets
these requirements will be launched in the future.
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