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Chapter 1 

Introduction 

Cataclysmic Variables (CVs) are binary systems composed of a white dwarf and a late type 

main sequence (typically M spectral type) star. Mass accretion onto the white dwarf via 

Roche lobe overflow of the secondary star is the main source of the strong radiation in CV s. 

CVs have been observed in quite a wide energy band, from radio to hard X-rays, ~howing 
characteristics of "cataclysmic intensity variation" typically over several orders of magnit ude. 

A new subclass, Magnetized Cataclysmic Variables (MCVs) has been widely recognized 

since S. Tapia (1977) discovered polarized optical emission from AM Herculis. From the 

polarization in the optical band, he estimated that the white dwarf in the system has a 

strong magnetic field of~ 108 gauss , although t his value was later found to be considerable 

overestimation. 

X-ray observational data have been accumulated mainly by the three satellites, HEA 0-

1, Einstein and EXOSAT. These data indicate that MCVs should be further divided into 

two subgroups, polars and intermediate polars. Polars, mainly soft X-ray sources, show 

strong optical polarization, and the white dwarf rotation period and the orbital period are 

synchronized due to the strong magnetic field of the white dwarf. Intermediate polars, mainly 

hard X-ray sources, on the other hand, show no optical polarization and the rotatoinal period 

is always shorter than the orbital period. Observations made with these satellites supplied us 

with useful clues to understanding the nature of X-ray emission, origin of spin modulations, 

and others in MCVs. 

Ginga, the third Japanese X-ray astronomy satellite, has observed a number of MCVs 

since its launch on February 5. 1987. The Large Area proportional Counter (LAC) on board 

the Ginga satellite has high sensitivity up to ~ 35 keV. Sensitivity up to around 40 keV is 

needed to investigate the hard X-ray emission from MCVs since it corresponds roughly to 

the average gravitational energy per particle of acc reting matter on the white dwarf surface. 

As a matter of fact , a substantial fr ac tion of total accret ion luminosity is radiated in this 

hard X-ray band . In the past , only the HEAO-A2 and A4 experiments could observe X-rays 

up to this energy (2-60 keV and 15-150 keV, respectively). T heir sensitivity were, however, 

subs tantially lower than that of Ginga. Observations with the previous Japanese satellites, 

Hakucho and Tenma, were difficult due to their energy coverage. Although Einstein and 
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EXOSAT carried instruments more sensitive, their energy range was limited up to ~4 keV 

and ~10 keV, respectively. Ginga, therefore, provides a chance of systematic investigation 

of hard X-ray emission from MCVs with a much larger number of samples and with a 

significantly improved accuracy. 

One of the most important characteristics of MCVs seen in hard X-rays is that the light 

curve is strongly modulated at the rotatinal period of the white dwarf due to the funneling of 

the accreting matter to the magnetic poles. The origin of this spin modulation has generally 

been attributed to the occultation of the hard X-ray emission region by the white dwarf 

through its rotation. Recent optical observations of intermediate polars, however , suggest 

that the absorption and/or scattering by the accreting matter also plays an important role 

on this. It is , thus, highly important to observe MCVs in the energy range above ~10 

ke V in which the absorption effect is mostly negligible, in order to distinguish between the 

occultation and the absorption effect. Owing to its high sensitivity and wide energy range, 

Ginga is expected to give a definitive answer to this probrem. 

Another important observational characteristic of MCVs is that their X-ray spectra usu

ally involve a very hard component. A number of theoretical works have so far predicted 

that a standing shock is formed in the accretion stream near the white dwarf surface. The 

accreting matter is abruptly heated at the shock front, forms plasma with a high tempera

ture comparable to the gravitational potential energy(= a few tens of keV), and emits hard 

X-rays via optically thin thermal bremsstrahlung. In a few bright MCVs, observed spectra 

have actually been fitted well with thermal bremsstrahlung model. Ginga is able to examine 

tlus theoretical prediction for a large number of sources with a much improved accuracy, and 

advance our knowledge on the X-ray emission mecharusm of MCVs. The other important 

prediction of the theory is that the shock-heated plasma will cool down via radiation, ther

mal conduction, etc. as it descends the accretion column down to the white dwarf surface. 

This phenomenon is expected to be detectable with Ginga for a few bright MCVs during the 

ingress and egress of the occultation of the emission region with the white dwarf. 

This thesis intends to improve our understanding of MCVs through hard X-ray observa

tions made with Ginga. Chapter 2 reviews the observational and theoretical work on MCVs 

made so far. Chapter 3 describes the instrumentation on board the Ginga satellite. The 

observed targets are listed up in Chapter 4, together with a description about how obser

vations were performed. Chapter 5 is dedicated to the description of data analysis and the 

results derived. Through the analysis, it is clarified that the cause of the spin modulation is 

considerablly different for polars and intermediate polars. Spectra of all the sources used in 

this thesis are well explained basically by optically thin thermal bremsstrahlung. Most of the 

observed spectra of MCVs undergo considerable amount of absorption, and this absorption 

cannot be explained by a single column density. Moreover , it is discovered that temperature 

of the thermal bremsstraltlung varies with the spin phase of the white dwarf in AM Herculis. 

Based on these results, physical properties of the shock-heated plasma and the environment 

around it is discussed in Chapter 6. Finally, conclusions are summarized in Chapter 7. 

Chapter 2 

Reviews 

2.1 Overview 

Cataclysmic variables are binaries of a white dwarf and a late type main sequence star, and 

radiations from CVs are driven mainly by the mass accretion from the secondaryl via Roche 

lobe overflow. In 1976, Tapia found circularly-polarized optical emission from AM Herculis 

which varied at a period of ~3.1h. The degree of polarization is an order of magrutude 

higher than that of any other cerestial objects ever observed. Figure 2.1 shows the variation 

of optical circular and linear polarization of AM Herculis. Such a strongly polarized light 

in optical wave band was thought at that time to be due to cyclo!,_ron radiation from the 

magnetic polar region of the white dwarf with a surface magnetic field strength of~ 108 

gauss. This idea is qualitatively true, although the magnetic field strength is later found 

to be of order 107G. Just after the discovery, three more stars which showed the same 

characteristics were found_:"'A'N UMa (Krzeminski & Serkowski 1977), VV Pup (Tapia 

1977) and EF Eri (Tapia 1979). Since then, a subclass called "Magnetized Cataclysmic 

Variables (MCVs)" has generally been recognized, and those which show strong polarization 

in optical wave band are classified as "polars" or "AM Her type sources". Table 2.1 shows 

the list of polars now catalogued. A remarkable property of the polars, besides the strong 

optical polarization, is that the magnetic field of the white dwarf is so strong (B ~ 107 gauss; 

see subsection 2.2.4) that the rotational period of the white dwarf (Ps) and the orbital 

period (Po,b) of the binary system are synchroruzed, presumably through magnetic coupling 

between the two stellar components. 

In addition to the polars, intermediate polars are now regarded as another subclass of 

MCVs. The white dwarf in the intermediate polar systems rotates faster than the binary 

revolution (Ps < Po,b)· Unlike polars, intermediate polars do not show polarization in 

optical wave band. Nevertheless intermediate polars are believed to include a magnetized 

white dwarf since EXOSAT found a dozen of intermediate polars which emit hard X-rays 

modulated at the white dwarf rotational period (Norton & Watson 1989 and references 

therein). This has been interpreted as due to funneling of accreting matter near the white 

1 In this thesis, we call the main sequence star a secondary star. 

3 
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Table 2.1 : Basic properties of polars 
Name of Period Spectral type• distanceb Bz' Be d i' 13' 
Sources (h) of Secondary (pc) (MG ) (MG) (") (") 
EF Eri 1.350 ~89 58±12 27±18 

~ 
[I] 

~380 44.0±1.4 76±10 103±5 

[1 8] [27] 

DP Leo 1.497 

(1E1114+182) [2] 
_j 

5.0 0 
a._ 

M4 145 31.7 76±6 152±6 

[28,29] 

M6. 5 86, 50- 150 22±2 45±9 25±5 

VV Pup 1.674 

[3] 

E1405-451 1.692 

0:: 0 .0 
<! 
_) 

::> - 5.0 u 
0:: 
u (V834 Cen) [4] [21] 

MS- 6 112 24.6±0.6 43±5 38±5 

Grus Vl 1.81 

[5] 

MR Ser 1.893 

~ 
15.0 

_j 
0 

[27] (PG1550+191) [6] 
a._ 10.0 
0:: 

30 70± 10 153±10 

[22] 

BL Hyi 1.894 

(H0139-68) [7] 

M3-4 128 <! 
5 .0 w 

/ z , ::::; 0 .0 
0 .0 0.5 0.0 CW1103-254 1.898 MS- 6 128 19 64±5 141±4 

PHASE (ST LMi) [8] [23] 

EKUMa 1.908 47±3 56 ±19 56±19 

[30] 

35.8±1.0 65±5 20±5 

(1E1048+542) [9] 

ANUMa 1.914 Figure 2.1: ~270 
Ci rcular and linear polarization of AM Her in optical wave band as a function of spin phase (from Tapia 

1977). The phase origin is set at the time when the degree of lin ear polarization is maximum. 

dwarf. Table 2.2 lists intermediate polars now catalogued. 

Polars and intermediat e polars are usually referred to as "AM Her" stars and "DQ Her" 

stars, respectively. Some intermediate polars (the last three sources in table 2.2), however, 

show appreciably different characteristics in comparison with the other intermediate polars. 

First, these three sources are not the hard X-ray sources. Secondly, the rotational period of 

the white dwarf (less than 100s) is shorter than the others by an order of magnitude. With 

these reasons, the sources with Ps < lOOs are sometimes classified as "DQ Her" stars , and 

are discriminated from intermediate polars in which Ps > lOOs, although this classification is 

not completely established. We do not deal with "DQ Her" stars (Ps < 100s) in this thesis 
since they are not the hard X-ray sources. 

[10] 

EXO 0234-5232 1.925 

(WW Hor) [11] 

EXO 0333-2554 2.109 

(UZ For) [12] 

AM H e r 3.094 

[13] 

H0538+608 3.322 

(BY Cam) [14] 

VlSOO Sgr 3.351 

[1 5] 

E2003+225 3.708 

(QQ Vul) [16] 

M6 500 

M4.5 250 

M4.5 

M2-4 

75 

1200±200 

[19] 

~400 

[20] 

EXO 0329-2606 3.806 M4.5 

[17] 

[27] 

56 

[31 ,32] 

13 30±5 61±5 

[24,25,26] 

40 .8±1.5 

[27] 

60±14 19±9 

a: see Ritter (1990) and references therein. b: Calculated with eq.3(a) of Warner ( 1987) and K-magnitude 

unless indicated. c: Magnetic field strength with Zeeman splitting. d: Magnetic field strength with cyclotron 

line emissions. e: inclination of the system (i), and collatitude of the magnetic pole (13); Cropper (1988b), 

Meggitt & Wiclaamasinghe (1989). 

References: [1] Boley, private commun ication in Griffiths et a/. ( 1979); [2] Biermann et a/. (1982); [3] van 

Gent (1931); [4] Mason eta/. (1982); [5] Tuohy eta/. ( 1987); [6] Stoclanan eta /. (1981); [7] Cropprer (1982); 

[8] Stockman eta/. (1982); [9] Morris et a/. (1987); [10] Mumford (1976); [11] Heuermann eta /. (1986); [12] 

Giommi et a/. (1987); [13] Tapia (1976); [14] Bradt et a/. (1988); [15] Patterson (1979) ; [16] Nousek et ~/. 

(1982); [17] Heuermann eta/. (1988a); [18] Biermann eta /. (1985); [19] Lance eta/. (1988); [20] Mukai et 

a/. (1988); [21] Heuermann eta/. (1989); [22] Wiclaamasinghe eta/. (1984); [23] Schmidt eta/. (1983); [24] 

Schmidt et a/. (1981); [25] Latham et a/. (1981); [26] Wiclaamasingh e & Martin (1985); [27] Cropper et 

a/. (1988); [28] Wickramasinghe & Meggitt (1982); [29] Barrell & Chanmugam (1985); [30] Cropper et a/. 

(1989); [31] Ferrario et a/. (1988); [32] Heuermann eta/. (1988) . 



6 CHAPTER 2. REVIEWS 

Table 2.2: Basic properties of intermediate polars and DQ Her stars 
Name of 

Sources 

SWUMa 

EXHya 

3A0729+103 

(BG CMi) 

Vl223 Sgr 

AO Psc 

(H2252-035) 

FO Aqr 

(H2215-086) 

KO Vel 

(1El013-477) 

TV Col 

(2A0526-328) 

TX Col 

(H0542-407) 

TW Pic 

(H0534-581) 

GK Per 

RE0751+14 

DQ Her 

V533 H e r 

AE Aqr 

Period 

Rotational (sec) Orbital (h) 

954 

[1} 

4021.62 

[2} 

913.49 

[3} 

745.8 

[4} 

805.20 

[5} 

1254.45 

[6} 

4086 

[7} 

1911 

[8} 

1910.9 

[9} 

7560 

[7} 

351.34 

[10} 

833.4 

[11} 

71.0745 

[12} 

63.63 

[13} 

33.06 

[14} 

1.364 

[1} 

1.638 

[2} 

3.235 

[3} 

3.366 

[1 5} 

3.591 

[16} 

4.849 

[17} 

4.94 

[7} 

5.487 

[18} 

5.718 

[9} 

6.5 

[7} 

47.923 

[19} 

4.64 7 

[12} 

5.035 

[20} 

9.880 

[21} 
a: Ritter (1990) and references therein . 

Spectral type • 

of Secondary 

M5 .5 

K1-5 

KO 

M3 

K5 

distance 

(pc) 

140 

[22} 

76-190, 2:60, 2:130 

[23}, [24}, [25} 

800 

[26} 

600±60 

[27} 

100-250, 2:320 

[28}, [29} 

2:640, 2:200 

[17}, [30} 

160, 500 

[31}, [32} 

180~~~0 

[33} 

525 

[34} 

400±100 

[35} 

680±250 

[34} 
150, 53±25, 70, 2:90 

[14}, [36}, [37}, [38} 

References: [1} Shafter et a/. (1986); [2} Gilliland eta/. (1982); [3} McHardy eta /. (1984); [4} Osborne et 

a/. (1985); [5} Warner & O'Donoghue (1980); [6} Shafter & Targon (1982); [7} Ritter (1990); [8} Shrijver et 

a/. (1987); [9} Buckley & Tuohy (1987); [10} Watson eta/. (1986); [11} this volumn; [1 2} Walker (1956); [13} 

Patterson (1979a); [14} Patterson (1979b); [15} Warner & Cropper (1984); [16} Patterson & Price (1980); [17) 

Osborne & Mukai (1988); [18} Hutchings et a/. (1981); [19} Crampton eta/. (1983); [20} Hutchings (1987); 

[21} Payne-Gaposhkin (1969); [22} Patterson (1984); [23} Sherrington et a/. (1980); [24} Wade (1982); [25} 

Berriman et a/. ( 1985 ); [26} McCardy et a/. ( 1986); [27} Bonnet-Bidaud et a/. ( 1982); [28} Hassall et a/. 

(1981); [29} Berriman (1987); [30} Berriman et a/. (1985) ; [31} Patterson (1984) ; [32} Bonnet-Bidaud et a/. 

(1985); [33} Buckley & Tuohy (1987); [34} Duerbeck (1981); [35} Young & Schneider (1981); [36} Berriman 

(1987); [37} Wade (1982); [38} Berriman eta /. (1985). 
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2.2 Components, Sizes and Structures of MCV Sys

tems 

2.2.1 Mass of the Secondary 

The secondary star in CV fills its Roche lobe. In this case, a well-known relation between 

the orbital period and mean density of the lobe-filling star is derived with the aid of Kepler's 

third law and the approximate formula for the radius of Roche lobe. Kepler's third law is 

expressed as 

(~)2 = G(M, ;- M 2)' 

Pof'b a 
(2.1) 

where M 1 and M2 are the masses of the primary and the secondary stars, and a means the 

orbital separation which is 

a = 5.6 X 1010 (Ml + M,)l/3 (Po'bj2f3. 
M0 2hr 

(2.2) 

On the other hand, the approximate formula for the radius of Roche lobe RL is 

(2.3) 

(Paczynski 1971). Combining these eqs.(2.1) and (2.3) with setting RL = R2 to eliminate a, 

we obtain 
24371" 1 
8G Ji2 = p,, (2.4) 

o•b 
where p2 represents t he mean density of the secondary star. We are thus able to calculate 

the mass of the secondary star assuming an appropriate mass-radius relation. Adopting an 

empirical mass-radius relation for main-sequence stars derived by Patterson (1984); 

R M M 
- = (-)088 (0.1 ~- ~ 0.8) , 
R0 M0 M0 

(2.5) 

the mass of the secondary is calculated as 

(2.6) 

From this equation, we see that the mass of the secondary star in EF Eri, whose orbital 

period is the shortest, is only 0.10M0 and that in TW Pic, whose orbital period is the 

longest, is 0.68M0 . As none of ~30 MCVs contains a secondary star with the mass less than 

the lower mass limit for hydrogen burning stars (0.08M0 ), the secondary star is probably a 

low mass main-sequence star. T his is verified by measuring the spectral type of the secondary 

stars (Mukai & Charles 1986). The only exception is GK Per whose orbital period is ~48h, 

although it contains [(spectral type star. The secondary in GK Per is now believed to be a 

rather evolved star - a (sub)giant. 
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2.2.2 Mass of the White Dwarf 

Determination of the white dwarf mass is more diffecult since it does not fill the Roche lobe. 

Here we briefly describe recent developments in this field. 

So-called mass function of the secondary, f, is expressed as 

(2.7) 

where i is the inclination of the binary system defined as the angle between the axis of the 

orbital plane and the line of sight, and ]{ is the orbital velocity of the secondary. Notice 

that the right hand side of this equation is written only with the observable quantities. Once 

we know i, M 2 , and ]{, we can estimate the mass of the white dwarf, M, from the orbital 

period P.,b which is obtained relatively easily from optical observations. 

As will be described in subsection 2.4.4, the optical spectra of MCVs are characterized 

by strong hydrogen and singly-ionized helium lines. Some of them originate from the X

ray illuminated face of the secondary. Therefore, the orbital velocity of the secondary is 

estimated from the Doppler velocity measurements of them. As will also be mentioned in 

subsection 2.2.5, the inclination angle of the system can be estimated with optical polarime

try for polars. Finally, the mass of the secondary can also be obtained with spectral type 

measurements of the secondary. With these methods, Mukai & Charles {1987) derived mass 

of the white dwarf in four polar systems, MR Ser {0.66M0), ST LMi {0.38M0), AM Her 

(0.99M0 ) and QQ Vul (0.58M0 ). The error associated with these mass determination is 

~ 0.2M0 , and comes mainly from determination of i. 

2 .2.3 Accretion Disk 

Since the accreting matter from the secondary has appreciable angular momentum, it forms 

an accretion disk around the primary in non-magnetized CVs. The disk is believed to reach 

the surface of the primary, and so-called boundary layer is formed in which accreting matter 

is decelerated to the surface angular velocity of the primary and heated via shear viscosity. 

In MCVs, on the other hand , the magnetic field controls the mass flow from the secondary, 

so that the accretion disk ends up far above the surface of the primary even if it is formed . 

The magnetic pressure is defined as 

B 2 

81T 

The magnetic field starts to control accreting matter at the radius defined by the following 

equation . 

(2.8) 

Here p and v are the mass density and the velocity of the accretion flow . Assuming that 

the field is dipolar (B = 11./1·3) and the mass accretion occurs in a spherically-symmetric 

2.2. COMPONENTS, SIZES AND STRUCTURES OF MCV SYSTEMS 9 

manner, we obtain 

to ( M )-t/7 ( !1. )'17 ( i1 )-211 
rA = 2.7 x 10 M0 1033Gcm3 1016gs-1 ' (2.9) 

where r A is so-called Alfven radius. Here we have assumed spherically-symmetric mass 

accretion onto the primary. This simplification is permissible for a rough order estimation 

of the Alfven radius because of the strong dependence of Pmag on r (Pmag <X r-6). As for 

polars, the magnetic field strength is of order of 107G (subsection 2.2.4) and most systems 

have orbital periods smaller than 2 hours (table 2.1). For 1M0 white dwarfs (R = 5 X l08cm), 

we obtain r A to be around a (eq(2.2)). This means there is no accretion disk in polars. In 

intermediate polars, on the other hand, there is a reason to believe that the magnetic field is 

weaker than in polars by an order of magnitude, and/or the mass accretion rate is an order of 

magnitude larger than in polars (subsection 2.2.4). In addition, most system have P > 3hr 

(table 2.2). Therefore, r A is expected to be substantially smal ler for intermediate polars. 

Accreting matter spilt over the Roche lobe first forms a thin ring around the primary and 

gradually transforms into a disk under shear viscosity. Comparing the circulation radius of 

the ring and the Alfven radius, Hameury, King & Lasota (1986) concluded that no accretion 

disk is formed in intermediate polars with orbital period greater than ~ 5 hours, although 

this number is sensitive to the parameters of individual systems. On the contrary, Lamb 

& Melia (1986) discussed that the accretion disk formed while the system is on the early 

stage (Po,b ~ 10hr) continues to exist when the system evolves into a shorter period stage. 

Existence of the accretion disk in intermediate polars is still a matter of debate. 

2.2.4 Measurements of Magnetic Field Strength 

Magnetic field strength of polars has been measured either through the Zeeman splitting 

or cyclotron harmonics in the optical wave band. The splitting energy due to the Zeeman 

effect, the interaction between the magnetic moment of the electron and the magnetic field 

of the white dwarf, is 

t;.E e --s·B 
me 

- 2 ( B ) 5.8 X 10 107G (eV). (2.10) 

Therefore, the splitting becomes some hundreds of Angstroms for the emission and absorp

tion lines and the photoelectric absorption edge in the optical wave band. In figure 2.2, 

we show an example of observed Zeeman splitting. So far, the magnetic field strengths of 

four polars, AM Her, BL Hyi, E1405-451 and ST LMi have been measured (table 2.1). The 

Zeeman splitting method , however, has two inherent difficulties. First, unpolarized light 

from the accretion column usually disturbs the measurements in the bright state. Therefore, 

observation should be carried out during the so-called low state, when mass accretion rate 

is significantly lower than in the bright state (see Feigelson et a/. {1978), for example). 
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Figure 2.2: Optical Spectra of AM Her showing Zeeman absorption features (indicated with 

filled circles) at the linear polarization phase of 0.57 (from Schmidt et a/. 1981). 

Secondly, measured Zeeman splitting is a mean weighted by flu x over observed photosphere. 

T herefore, we have to know flux distribution on the photosphere in order to deduce the field 

st rength at t he magnetic pole. 

T he cyclot ron harmonics appear when free electrons are placed in the magnetic field. 

T he kinetic energy of elec trons perpendicular to the magnetic fi eld lines are quantized into 

so-cal led Landau levels, a nd polarized light is emitted from transition of electrons between 

different Landau levels. Landau levels are expressed with the following equation. 

E = 1 
!iwB(n + 2) 

eB 1 
!i-(n+ -) 

mec 2 
B 1 

0.116 (1Q1G) (n + 2) (eV), (2.11) 

where n is t he principal quantum number. For the magnetic field of 30MG, the lowes t 

harmonics corresponds to.\ = 3.6/"m, and higher harmonics come into the optical wave band. 

Cyclotron emission lines was first found in the optical spectrum of VV Pup (Visvanathan 

& Wickramasinghe 1979). Recenlly, Cropper et a/. (1988) show that, if the observation is 

performed with illgh sensitivity and resolution, cyclotron harmonics can generally be found 

from polars. An example of observed cyclot ron harmonics is shown in figure 2.3. Tills 

method allows us to measure t he field in accretion region itself, si nce t he harmonics are 
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H0538+606 

Wavenumber (reciprocal em) 

Figure 2.3: 
The spectrum of H0538+ 608 from 4000 to 9100 A(from Cropper et a/. ( 1988)) . The top curve shows the 

raw spectrum. The second one is the best fit spectral model composed of a continuum approximated by 

polynomials and emission lines. T he model curve is shifted below by a factor of 1.5 for clarity. T he third 

one is the fit res iduals. T he bot tom one is the same as the third but after appropriate binninig. Harmonics 

numbers are show below. 

usually observed as emissions only when the region is not behind t he limb of the white 

dwarf. The field strength thus obtained are also listed in table 2.1. 

We remark that these methods cannot be used for intermediate polars since they do not 

generally show appreciable polarization in the optical wave band. T ills might be attri buted 

to a relatively weaker field strength of intermediate polar, so that cyclotron harmonics shifts 

to infra-red wave band. Alternatively, mass accretion rate from the secondary is usually 

larger in the system of longer orbital period (Patterson 1984). The refore, mass accretion 

rate of intermediate polar is believed to be large r than of polar (see table 2.1, and 2.2). T his 

might render the emission region optically thick for cyclot ron emissions, even if t he field 

strength of intermediate polar is of the same order as of polar. 

2.2.5 Geometry of the White Dwarf 

As depicted in figure 2. 1, polars show linear or circular polari zations in optical wave band 

which varies at the rotational period of the white dwarf. T he polari zed light is probably 

emitted through circularization of accreting electrons. T herefore, assuming a simple d.ipo-
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lar field configuration, we can deduce the orbital inclination (i) and the colatit ude of t"he 

magnetic pole ((3 ) by examining linear and ci rcular polarization curve. Q ualitatively, linear 

polarization is seen as a pulse when we observe t he magnetic fi eld of the accreting pole from 

the side. So-cal led ' linear polarization phase' is defined by adopting the epoch of linear 

polarization pulse as t he phase origin. On the other hand, degree of circular polarization , 

which is zero at the origin of the linear polarization phase, gradually increases with the white 

dwarf rotation, and decreases when we look down the accretion column along the fi eld line 

because of the reduction of emissivity (Chanmugam & Dulk 1981) . An example of the fit to 

t he observed polarization curve wi th the model charac terized by i and (3 is already shown 

in figure 2.1 for AM Her. In table 2. 1, i and (3 of polar thus obtained are listed. 

2.3 Models of Emissions and Accretion Region ofMCVs 

2.3 .1 Geometry and Emission Mechanisms of the Accretion Re

gion 

A schematic view of t he accretion region is shown in figure 2.4. Since the mat ter from the 

secondary is considered to accrete at the free fall velocity in the gravitational potential of 

the white dwarf, the flow becomes highly supersonic near the surface of the white dwarf. 

T herefore, it has been believed that the shock wave occurs near the surface of the white dwarf, 

and the gravitational energy of the accreting matter is abruptly converted into thermal 

energy. Below the shock front, hot plasma with a tempera ture of a few tens of ke V is 

formed. Due to a deep graviational potential , bulk of the emission from MCVs comes from 

this post-shock region. T hree important emission mechanisms have so far been identified 

in the emissions from the accretion region (Lamb 1985 and references therein) ; hard X-ray 

emission represented with op tically thin thermal bremss trahlung with temperature of a few 

tens of keY; soft X- ray emission with blackbody spectrum with temperature of a few tens of 

eV; cyclotron emission in t he optical and infra-red wave bands due to strong magnetic field 

of t he white dwarf. T he la tter two emissions are, however, not found from any intermediate 

polar sys tems. Reason for this is unclear. 

2.3.2 Models of the Accretion Region 

Detai led calculation of the physical processes in the accretion region was performed first by 

Hoshi (1973) and Aizu {1 973). Aizu (1973) treated the accretion process hydrodynamically 

in one fl uid , !-dimensional regime, and calculated the variation of temperature, density, and 

velocity of the fl ow along the accretion column, taking free-free cooling into account. The 

resul ts are shown in figure 2.5. Since free-free emissivity is proportional to n2 , the accreting 

matter rapidly cools down as it approaches the surface of the white dwarf. Later, Frank, King 

& Lasota {1983) calculated the structure of the accretion region by taking the electron heat 
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Figure 2.4 : Schematic view of the accretion region. 
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Behaviour of (a) the temp erature and (b) the mass density, the veloci ty of the fiow, and the pressure of 

the accreting plasma in the postshock accret ion colu mn as a fun ction of the distance from the whi te dwarf 

surface (from Ai zu 1973). All t hese quanti t ies are normalized by values just below the shock front, and t he 

distance is normalized by the shock height. 

conduction in the post-shock region into consideration. T he behaviour of all the quantities 
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are qualitatively the same as those of Aizu (1973) . 

More practical calculation in which cyclotron cooling is also considered was presented 

by Fabian, Pringle & Rees (1976) follewed by Masters (1978) and Lamb & Masters (1979). 

Masters (1978) and Lamb & Masters (1979) calculated the efficiency of the free- free cooling 

and the cyclot ron cooling, and showed their relative st rength in the plane of L/ f versus B 
(figure 2.6a), where f means the fractional area of the while dwarf over which mass accretion 

occurs, together with model spectra under the assumption of homogeneous emission region 

(figure 2.6b ). Assuming that t he soft X-ray is emitted as the reprocessed emission of free-free 
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Figure 2.6: (a) Relati ve st rength of the free-free cooling and t he cyclotron cooling (from 

Masters 1978). (b) Calculated spect ra of MCVs (from Maste rs 1978). f represents the 

fractional area of the whi le dwa rf over which mass accretion occurs. 

and cyclotron emission, they predicted that the soft X-ray flu x Fbb should sat isfy 

(2.12) 

where F<>c and F"' a re t he fl ux of cyclot ron emission and thermal bremsstrahlung, respec

tively, and H represents the reflectivity of the hard X-ray emission. T hese results will be 

compared wit h observations in the following section . 

Imamura et a/. (1987) calculated the structure of the accretion region by laking into 

account the electron heal conduction as well as the free-free and the cyclotron cooling·in 

the two fluid regime. T hey found that , although the behaviour of physical qua ntities in the 

postshock region are q ualitatively the same as those of Aizu (1973) , the preshock electrons 

are somewhat heated via the heat conduction due to high energy electrons in the postshock 
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Figure 2.7: Behaviour of the temperatures of electrons and ions as a function of the dist ance 

from the whi te dwarf surface (Imamura et a/. 1987). 

region (figure 2.7) . It is remarked , however, that the hard X-ray luminosity of the preshock 

region is roughly ~ 10% of that of the postshock region because of significantly lower density. 

T herefore, they conclude that: the hard X-ray emission from the pres hock region is generally 

negligible. 

In summary, all the theoretical models of the emission region so fa r presented predict 

that the temperature is lower in the lower part of the accretion column , and the hard X-ray 

emission is weighted by t his lower temperature region. 

2 .3 .3 Size of the Emission Region 

Although it is difficult to estimate the shape of the emission region, we can make simple 

estimate for the height and the area of it. The size of the emission region along the surface 

of the white dwarf is estimated by simple geometrical conside ration. In the regime shown 

in figure 2.8, a magnetic fi eld line satisfies the following equation in polar coordinate (r, 0) 
with respect to the magnetic axis. 

r c sin2 e, 
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Magnetic axis 

Figure 2.8: Accretion geometry of MCVs (from Frank, King & Raine (1985)) . 

where the value of C is different among different field lines. Since r ~ r A and () = a at point 

A (Alfven point), C = rAsin-2 a and 

Therefore, the fraction of the area of the white dwarf over which accretion occurs is 

f 
1f R2 sin2 f3 

41fR2 

Rsin2 a 

4rA 

::e .!!:.... ~ 5 x w- 2 

2rA 
(2.13) 

for 1M0 white dwarf. We remark that since the accretion region may have a shape of a 

hollow cylinder, or even more, an arc, the fractional area derived above gives a rough upper 

limit. Observationally, f has been estimated from the intensity of the soft X-ray emission 

for polars. The soft X-ray emission has been believed to have blackbody spectrum, so that 

the its area can be estimated given the distance to the source. In AM Her, f is of order 

w-•-o (Tuohy et a/. 1981 , Heise et a/. 1984). 

On the other hand, the size of the emission region perpendicular to the white dwarf 

surface is estimated based on the calculation of Aizu (1973) (see below) . The height of the 

emission region is estimated by the multiplication of the free fall velocity in the postshock 

region and the cooling time scale. Denoting the height as h, he obtained 

h = 0.605 Vff t 11 
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0_605 .!. J2GM 3kT ' 
4 R 2pmyE11 

(2.14) 

where v11 and t11 are the free-fall velocity and the cooling time scale via free-free emission, 

and p, my, and Eff represent mean molecular weight, mass of hydrogen, and free-free cooling 

rate per unit mass, respectively. With this equation, 

(2.15) 

This gives the upper limit for the height of the emission region, since, as described below, 

cyclotron emission is another important cooling mechanism. In addition, although Aize 

(1973) assumed complete cooling (T = 0) at the white dwarf surface, this may not be 

correct . 

2 .4 Observations 

2 .4.1 Hard X-ray Observations 

As mentioned in subsection 2.3.1, the hot plasma with temperature comparable with the 

white dwarf potential energy ( ~ a few tens of keY) is expected to be formed below the 

shock front . A detector with sensitivity up to this energy is necessary to obtain complete 

spectral information. Before the launch of Ginga, only HEAO-A2 and A4 experiments can 

manage up to this energy. In figure 2.9, we show the observed spectra of AM Her in hard 

X-ray energy band as well as the soft X-ray component (Rothschild et a/. 1981). From these 

experiments, it was found that spectra of AM Her and EF Eri are basically explained with 

optically thin thermal bremsstrahlung with temperatures of 30.9 ±4.5keV (Rothschild eta/. 

1981) and 18.1 ± 3.5keV (White 1981). Nevertheless, MCVs are too weak in hard X-rays 

for HEAO-A2 and A4 experiments to obtain enough spectral information from other MCVs. 

Results of Ginga has , therefore, long been waited for. 

Hard X-ray spectra of intermediate polars are systematically measured with EXOSAT, 

and the resutls are summarized in Norton & Watson (1989) . Although the continuum 

spectra were approximated with a simple power-law (subsection 5.2.2) due to a restricted 

energy range of the EXOSAT-ME detector (up to ~10keV), they found that the observed 

spectra undergo strong photoelectric absorption with effective hydrogen column density of 

order~ 1023cm-2 , and the photoelectric absorption is stronger in the minimum of the hard 

X-ray intensity than in the maximum. 

2.4.2 Soft X-ray Observations 

The soft X-ray emission from MCVs were first detected with HEA 0-1 LED in AM Her (Tuohy 

eta/. 1978, 1981). Since then , the soft X-ray emission has been regarded as a common feature 
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Figure 2.9: Observed photon spectrum of AM Her in the energy range between 0.1 and 

100keV (Rothschild et a/_ (1981). 

among polar. Determining the spectral shape of the soft X-ray emission is, however, difficult 

because strongly energy-dependent photoelectric absorption due to interstellar matter affects 

the observed spectra in this energy band. Therefore, the blackbody spectrum has-usually 

been assumed . The blackbody temperatures are measured either with HEA0-1 LED or with 

Einstein OGS, or with EXOSAT LEfor AM Her (between 27 and 55eV; Tuohy eta/. 1978, 

1981), VV Pup (between 17 and 50eV; Patterson et a/. 1983), and E2003+225 (between 18 

and 29eV; Osborne et a/. 1986). 

2.4.3 Soft X-ray Problem 

In figure 2.1 0, composite spectrum of AM Her is shown (Lamb 1985). Among three emission 

mechanisms of MCVs, the flux of cyclotron emission is approximately consistent with that 

predicted by Masters (1978) and Lamb & Masters (1979). On the other hand, the relative 

intensity of the soft and hard X-rays are problematic. Although soft X-ray flux is expected 

to be of the same order as hard X-ray flux from eq.(2.10), Tuohy et a/. (1978) originally 

claimed that the soft X-ray flux is ~so times as large as the hard X-ray flux based on 

the HEA0-1 observation. This soft X-ray excess is observationally established later with 

EXOSAT observations. For example, Fbb/ F"' ~ 10 for AM Her (Heise et a/. 1985) and 

<:: 4.5 for E2003+225 (Osborne et a/. 1986) . This is so-called the 'soft X-ray problem'. 
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Figure 2.10: Composite energy spectrum of AM Her (Lamb 1985). 
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Figure 2.11: Orbital modulation of Hell emission line in AM Her (Crosa et a/: 1981). 

Numbers indicated in the left mean the linear polarization phase. 

To cope with this problem, various approaches have so far been made such as electron heat 
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conduction (King & Lasota 1980, Frank, King & Lasota 1983), high density blobs in the 

acc retion flow penetrating the photosphere of the white dwarf (Kuijpers & Pringle 1982), 

and nuclear burning at the base of the accretion column (Fabbiano eta/. 1981). The problem 

is, however, not resolved yet. 

2.4.4 UV, Optical and Infra-red Spectra 

UV, optical and IR spectra of MCVs are characterized by a number of high excitation lines 

such as Heii .X 4686 and NV .X 1240 as well as the cyclotron harmonics and the Zeeman 

splitting structures. Examining ratios of various emission lines , we can estimate the density 

and the temperature of the line emitting region. For example in AM Her, 1013 < ne < 
1014 cm-3 and T = 1- 2 x 104 K (Liebert & Stockman 1985). 

Important information also comes from measurements of the Doppler velocity modula

tions of the center energies of these lines. In figure 2.11 shown is the orbital modulation of 

Heii line profile of AM Her (Crosa et a/. 1981). The emission lines are usually made up 

with multi-components, and at least two components with different widths are identified in 

a number of MCVs; one is the broad line component which probably originates from the ac

cretion column far above the shock front, and the other is the narrow line component which 

probably originates from the X-ray-irradiated face of the white dwarf. Utilizing the velocity 

and the intensity of these lines, we can infer the configuration of the binary components and 

the accretion stream as a function of orbital phase in polars. In intermediate polars, the 

high excitation lines are modulated at the white dwarf rotational period, so that they are 

utilized to infer the geometry of the accretion column near the surface of the white dwarf 

(section 2.5.2) . 

2.5 Variations of X-ray Intensity 

2.5.1 Aperiodic Variations 

Cataclysmic Variables are characterized by intensity fli ckering by a factor of several with the 

timescale ranging between a few tens of seconds and a few tens of minutes in the energy range 

from IR to hard X-ray. In addition to this, quasi-periodic oscillations in the soft X-ray band 

have so far been detected from six polars with periods ranging between 30s and 10m (Tuohy 

eta/. 1981; Patterson, Williams & Hiltner 1981; Singh, Atrawall & Riegler 1984; Beuermann 

& Stella 1985; Osborne et a/. 1986, 1987). These aperiodic intensity variations is generally 

considered to be [rom due to variation of the mass accretion rate and/or inhomogeneities. in 

the accretion stream. 
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2.5.2 Spin Modulations 

The spin modulation of the X-ray intensity is undoubtedly caused through the funneling of 

accreting matter by the strong magnetic field of the white dwarf. 

In polars , either the rise or the decline, or both, of the hard X-ray light curve occurs 

simultaneously with the linear polarization pulse (Stockman & Liebert 1985, Mason 1985). 

The linear polarization pulse occurs when we observe the magnetic field line of the emission 

region perpendicularly. Therefore, the spin modulation of the hard X-ray intensity of polars 

is caused by the X-ray emission region passing over the limb of the white dwarf, i.e. self

eclipse. 

King & Shaviv ( 1984) applied this idea also to intermediate polars. T hey assumed that 

mass accretes onto one magnetic pole and forms a coin-shaped hard X-ray emission region 

with negligiblly small height . They calculated the profile of the spin modulation of the hard 

X-ray intensity with the inclination (i), the magnetic colatitude (/3) and the fractional area 

of the white dwarf (f) as free parameters. T hey concluded that the spin modulation of the 

intermediate polats can be reasonablly explained iff~ 0.1. In this model, the flux minimum 

of the hard X-rays occurs when the accreting pole points away from the observer. 

An alternative model is proposed by Rosen, Mason & Cordova (1988) and Hellier et 

a/. (1989, 1990, 1991). They found that the velocity of Hell and hydrogen emission lines 

of several intermediate polars are modulate at the white dwarf rotation period, and are 

maximally blueshifted when the X-ray intensity is maximum. They considered that these 

lines originate mainly from the accretion flow bound for the upper magnetic pole of the 

white dwarf (the pole in the same side of the observer with respect to the orbital plain) , and 

concluded that the maximum of the hard X-ray intensity occurs when the upper pole points 

away from the observer. In this model, the minimum of the hard X-ray intensity is caused 

by the absorption and/or scattering by the matter in the accretion column. 

The origin of the hard X-ray spin modulation of intermediate polar is still a matter of 

debate. 

2.5.3 Orbital Modulations of Intermediate Polar 

It is natural to consider that there can be no orbital modulation in hard X-ray intensity 

since hard X-rays are emitted near the surface of the white dwarf. Norton et a/. (1990) , 

however, found that there is a significant orbital modulation in the hard X-ray intensity 

of FO Aqr observed with Ginga, and the profile of the spin-modulated hard X-ray light 

curves significantly change with orbital phase (see also Norton et a/. 1991). This reflects the 

distribution of the accreting matter in the binary system, and may be useful to understand 

the geomertrical structure in the binary system such as the accretion disk. Investigation of 

the orbital modulation of the hard X-ray light curve has just started, and future development 

is expected with Ginga data. 
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Chapter 3 

The X-ray Observatory GINGA 

3.1 The Ginga Satellite 

Ginga, the third Japanese cosmic X-ray observatory, was launched by the M- 3SII- 3 rocket 

from Kagoshima Space Center at 15:30(JST) on February 5, 1987. It was thrown into a 

slightly elliptical (e = 0.01) orbit with the perigee of 520km and the apogee of 670km, 

and the orbital inclination of 31 o. The orbital period of Ginga is 96 minutes, which means 

15 revolutions per day. The ground station (at Uchinoura, Kagoshima) can contact the 

satellite only for about 10 minutes each in 5 consecutive orbits out of the fifteen. These 

orbits are usually called "contact orbits", and the other ten "remote orbits". Ginga carries 

three instruments; the large area proportional counter (LAC; Turner et a/. 1987), the all sky 

monitor (ASM; Tsunemi et a/. 1987), and the gamma-ray burst detector (GBD; Murakami 

et a/. 1987). Figure 3.1 shows the configuration of these three instruments. 

Figure 3.2 shows the definition of the satellite coordinates. The spacecraft has a mo

mentum wheel to stablize the attitude of the spacecraft and control the attitude around 

the Z-axis (slew), and three magnetic torquers to control the Z-axis direction (maneuver). 

The speed of the slew and the maneuver is 14° /min and 5o /h, respectively. Therefore, ma

neuvabili ty around the Z-axis is ~170 times more efficient than that around X and Y-axis. 

In addition to the ordinary pointing mode, the spacecraft is operated in the scanning mode 

in which the field of view of the LAC scans a part of a great circle including a source. The 

great maneuvability around the Z-axis is utilized to rotate the Y-face on which the LAC 

is mounted. The scanning mode is used (i) to determine the source position pre<;isely to 

compare with information in different wave bands, (ii) to see if there are any contamination 

sources in the field of view of the LAC, (iii) to confirm existence of a faint source, (iv) to 

examine surface brightness distribution of an extended source, and (v) to survey a wide sky 

region. The attitude of the spacecraft is controled in reference to four gyros to an accuracy 

of~ 0.1 o. The final attitude of the spacecraft and the aspect of the LAC are obtained later 

on the ground with a typical accuracy of~ 0.02° based on data from the gyros and two star 

sensors. 

The data obtained with the LAC, ASM, GBD, attitude, house keeping etc. are formatted 

23 
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Figure 3.1: Configuration of the instruments of the Ginga satellite (taken from Thrner et _al. 

1987). 

by the on-board data processor (DP) for transmission and stored in the bubble data recorder 

(BDR; capacity of 41.9 Mbits) while the satellite is out of contact. T hese stored data are 

transmitted while the satellite is in contact with the ground station. Table 3.1 shows the 

recording time to fill up the BDR for each recording bit rate. 

Table 3.1: Bit rates and the data recording time. 

Bit rate Recording time 

High (16 kbps) 43 min 

Medium ( 2 kbps) 5 h 42 min 

Low (512 bps) 22 h 45 min 

3.2 The Large Area Proportional Counter 

The LAC (Large Area proportional Counter) is the primary instrument of the Ginga satellite 

developed under a Japan-UK (United Kingdom) coll aboration . T he LAC has the highest 
•. 
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X 

SLEW PLANE y 

Figure 3.2: The satellite three axis. The LAC is mounted on the Y-face of the spacecraft. 

(Taken from Thrner et a/. 1987). 

sensi.ti,,,t,.y so far achieved for cosmic X-rays in the 2- 37 keY energy band and has b~en built 

to observe faint objects, from nearby stars to remote AGNs (active galactic nuclei) , and to 

study the fast time variability of galactic compact objects. The LAC consists of 8 identical 

proportional counters with a total effective area of 4000 cm2 • Each proportional counter has 

its own high voltage supply operated normally at ::::1830 volts. The counter is filled with 

gas composed of 75% argon, 20% xenon and 5% carbon-dioxide at a pressure of 1.86 atm 

(at 273K) . The energy resolution is 18.0% at 6 keY and scales as E- 112 throughout the full 

energy range. The sensitivity of the LAC is shown in figure 3.3. There are abrupt sensitivity 

increases corresponding to the argon K-edge (3.0ke Y) as well as the xenon I< and L-edges 

(29.6keY and 4.8keY, respectively). Decrease of the efficiency in lower energy is due to 

absorption in the beryllium window of 62pm thick. In front of the beryllium window, there 

are collimators made of 25pm steinless steel with hexagonal cross section divided in half to 

ensure the elliptical field of view (1.1" FWHM in azimuthal direction and 2.0" in longitudinal 

direction: see figure 3.2) . The collimator acts also as a support for the beryllium window. 

Each proportional counter is further devided by ground wires into 52 equivalent cells, each 

having an anode wire (figure 3.4). Among them, the bottom layer (Yl) and the side layer 

(Y2) form the counters which guard each proportional counter from non-X-ray background 
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Figure 3.3: The sensitivity of the LAC 

from three sides. The remaining two sides of the counter corresponding to both ends of the 

anode wires are guarded by square-plate readout electrodes called end-veto (EV). The Qthet. 

layers are used as the signal layers; they are composed of the top layers (L1 and Rl) and 

the middle layers (S23). These layers are electrically connected as shown in figure 3.4, and 

for the purpose of background reduction, these three signals are processed in mutual anti

coincidence. An event in each counter is accepted as a valid X-ray signal if it gives signal 

in only one of the three signal layers (Ll, Rl , or S23), but not in the guard layers (Vl, V2 

and EV). Otherwise, the event is discarded as a charged particle event. Furthermore, 0.2mrn 

thick tin foils placed around the counters prevent hard X-rays (mostly of cosmic diffuse 

X-ray background) from penetrating the counter walls and producing spurious background. 

With these methods, the internal background of the LAC (see the next section) is reduced 

by factor of 20, to the level of 3.5 X 10-4counts s-1cm-2ke y-l. 

Each proportional counter has an independent electronics system. The block diagram of 

on-board electronics is shown in figure 3.5 . An X-ray event is pulse-height analysed by a 6-bit 

ADC into 64 energy channels covering 0- 37 keV. The on-board data processor (DP) counts 

the number of events in each pulse-height channel using on-board memory during a fixed 

time interval, and for mats the resultant spectrum into telemetry. Depending upon how the 

spectra of different layers and detectors are combined and how the original 64 pulse-height 
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Figure 3.4: Schematic view of the LAC detector 

channels are re-binned, following four formatting modes are available for the LAC data. 

27 

• MPC- 1 mode: Events are accumulated separately for the top (Ll+Rl) and the middle 

(S23) layers of the 8 detectors, thus producing 16 separate spectra simultaneously. 

Among the 64 channels, the higher 32 channels are binned up into 16 channels. Thus 

each spectrum consists of 48 energy channels. The energy corresponding to the lowest 

two channels are below the lower discriminator (LD). Therefore, the lower 30 channels 

cover 1.2-18.6 keV and the higher 16 channels covers 18.6- 37.2 keV . This mode is 

mainly used for spectral study of faint sources. 

• MPC-2 mode: Sixteen 48-channel spectra in the MPC-1 mode are summed to two 

spectra. One is the summation over the two layers of the first 4 detectors, and the 
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Figure 3.5: A block diagram of the on-board electronics. 

other over the remaining 4 detectors. This means 8 times compression of the MPC-1 

mode. 

• MPC- 3 mode: Events from the two layers of the 8 detectors are accumulated into a 

single 12-channel spectrum. Each energy channel corresponds to 4 consecutive chan

nels in the MPC- 1 and MPC-2 modes. The data are compressed further by 8 times 

compared with MPC-2 mode. This mode is used mainly for fast timing studies with 

intermediate energy resolution. 

• PC mode: Tlus mode is used only for fast timing observations of the bright galactic 
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objects. To reduce the dead time, the ADC is not used. The X-ray energy is binned 

into 2 energy channels by using 3 (lower, middle and upper) discriminators. The levels 

of disc riminators can be set independently for two groups of four detectors. 

Table 3.2 lists the number of energy channels and the maximum time resolution of these four 

DP modes for three recording bit rates. 

Table 3.2: Time resolution of the LAC data. 
Mode number of Bit rate 

P H Channel High Medium Low 

MPC-1 48 500rns 4 s 16s 

MPC- 2 48 62.5rns SO Oms 2s 

MPC-3 12 7.8rns 62.5ms 250rns 
pc• 2 0.98rns 7.8ms 31.3rns 

(1.9rns) (15.6ms) (62.5rns) 
a: T he higher energy channel has twice worse time res-

olution (numbers in parenthesis). 

3.3 Background in the LAC 

The X-ray spectrum obtained with the LAC contains not only X-rays from celestial objects 

but also from background sources. It is highly important to evaluate the background in

tensity, since there is no way to obtain background data simultaneously. In this section, 

the nature of the background in the LAC is described, and methods to remove it from the 

on-source data are presented. The LAC background is divided into aperture diffuse X-ray 

component and internal detector background. 

3.3.1 Internal Background 

The internal background which is generated by non-X-ray events is about 50 counts s-1 

in the remote orbits and becomes as much as ~100 counts s- 1 in the contact orbits. The 

internal background originates from; 

1. Cosmic-ray charged particles such as protons and electrons, and secondary atmospheric 

-y-rays produced by them. Their contribution increases in regions of low geomagnetic 

rigidity and in the South Atlantic Anomary (SAA), where the earth magnetosphere 

becomes as low as the satellite orbits . Because of the orbital inclination of 31 •, the 

satellite passes the SAA in 7 orbits including all of the contact orbits . To protect the 

detector against excessive counting rate, the LAC high voltage is turned off during the 
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SAA passage , both manually by a programmed command and automatically by the 

RBM (a part of the GBD) which moni tors the particle flux. 

2. Cosmic diffuse X-rays. Cosmic diffuse X-rays above ~35keV penetrating the tin shield 

generate "X-ray" events in the detector with energies> 5keV through xenon K-escape. 

3. Radio-active isotopes. Materi al of and/or around the LAC is activated during the 

passage of the satellite through the SAA and shows residual radio activity, presumably 

"(-decay. At least two different components are involved; one with a decay life time 

of ~ 4lmin, and the other with that of ~ 8h. T hey have not been identified with 

particular nuclear species. 

4. Geomagnetically trapped charged particles. 

5. Solar X-ray and its reflection from the illuminated limb of the earth . If the LAC points 

t he direction wi thin go• from t he sun , solar X-ray intrudes the LAC detecter due to 

scat tering in the collimator of the LAC. Observations are usually scheduled so that 

the sun is at an angle greater than go•. The limb of the earth illuminated by the sun 

causes a contamination via re flection. This effect is usually negligible, provided that 

the LAC points away from the ill uminated limb by more than ~ 6" . 

Figure 3.6 shows the background behavior during an observing day. Variation of the compo

nents 1 and 3 li sted above are clearly seen. The contribution from the SAA strongly depends 

upon the alt itude of the satellite in t he SAA. Therefore, in addition to the variation within 

one day, the internal background varies with a 37d period, coincident with the rotation 

period of a rgument of perigee of the satellite orbit. 
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Figure 3.6: T he background behavior during an observing day (taken from Hayashida et a/. 

1g87). For SUD and MID , see subsection 3.3.2. 
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3.3.2 B ackground Reproduction 

To estimate the LAC background d uring on-source observations, the following sets of infor

mation can be used as background monitor counts . 

1. SUD: The count rate of the LAC above 37keV. Since t he X- ray efficiency is less than 

~3% (figure 3.3), the SU D count rate mainly represents the fl ux of high-energy particles 

and "(- rays. 

2. RIG: T he geomagnetic rigidity. It is defined as the minimum momentum per elemen

tary unit charge to penetrate the earth magnetosphere at a given point of the orbit. 

3. MID: The count rate of the middle layer (S23) of the LAC. T his is a good monitor of 

the background below 8keV since in this band most of the true X-rays are absorbed in 

the top layer. This monitor is available only in the MPC- 1 mode. 

4. PIM: The count rate of the LAC wires which are screened from direct illumination of 

aperture X-rays but are otherwise similar to the other wires. 

5. SOL2: The count rate of a solid-state detector , a component of the GBD experiment . 

To reproduce the LAC background, Hayashida et a/. (lg8g) flist investigated correlations 

between the LAC count rate from blank skies and the background monitor counts described 

above. They decomposed background spectrum into different components with respect lo 

the counts of each background monitor. Finally they constructed the background spectrum 

as a linear combination of t hese components, referring to count rates of the background 

monitors during the on-source observation. 

Among the background monitors, the SUD count rate correlates well with the LAC count 

rate for blank sky observations (see figure 3. 7) , and the background in the remote orbits 

can be represented solely with this SUD-dependent component. This way of background 

reproduction is called "SUD-sorting method" . To utilize the data taken in contac t orbits, it 

is necessary to introduce a RIG-dependent component and two radioactive decay components 

in addition to the SUD-dependent component. This way of background reproduction is 

called "Method I" in Hayashida et a/. (1g8g). With these methods, the background can be 

subtracted from the on-source data by referring to the background monitor counts . Notice 

that the background observation should be performed at a similar phase (preferably very 

close in time) of the 37d period as the on-source observation. 

Even if no appropriate background data are available, it is now possible to produce 

model background data with enough accuracy from a large data base. In this case, one more 

parameter, the argument of the perigee of the satellite orbit, is necessary to reproduce the 

37 day periodicity. T he coun t rate of the middle layer is additionally used in the MPC-1 

mode. This way of background es timation is named "Method II" in Hayashida eta/. (1g8g) . 
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Figure 3.7: Relation between the SUD count rate and the LAC count rate for a blank sky. 

For all the three methods of background reproduction presented above, 1a error of the 

internal background estimation is less than 0.04 counts s-1 keV- 1 in 2-10 keV for an obser

vation of 10,000 seconds. 

3 .3.3 Fluctuation of Diffuse X-ray Background and Detection 

Limit of the LAC 

The cosmic diffuse X-ray background (CXB) within the LAC field of view is 18 counts s-1 

in 2- 10keV on the average. At leas t a fraction of the CXB count rate is known to come from 

point sources wh.ich are below the detection limit of the LAC. The number of these sources 

within a field of view statistically fluctuates from sky to sky. As a result, the count rate . in 

the "off-source" sky varies by 0.68 counts s-1 (1a) in 2-10 keY, which is by a factor of 2-3 

larger than the error of the internal background presented in the previous section. Therefore, 

the detection limit of the LAC is ultimately determined by the fluctuation of the number of 

unresolved sourced with.in the LAC field of view. At 3a level, the fluctuation amounts to 2.6 

counts s-1 in 2- 10 keV (Hayashida eta/. 1989) , wh.ich is quoted as a nominal detection limit 

of the LAC. Tlus count rate corresponds to an incident energy flux 6x 10-12 erg s-1cm-2 

( =0.3mC) in 2- 10ke V if the source has a spectrum like the Crab nebula. Notice that this 

limit is reduced by a factor of a few in scan ning observations or if a target shows pulsation. 

Chapter 4 

0 bservations 

4.1 Overview 

As described in the previous chapter, the LAC energy range extends up to ~40keV, which 

is essential for investigating hard X-ray emission from MCVs. In addition, the LAC has 

a sensitivity high enough to observe sources as weak as 0.5 mC. This limit is a few times 

as low as that of the HEA0-A2, A4, and the EXOSAT ME detectors. Therefore, Ginga 

has enabled us to study hard X-ray emission from MCVs systematically for much larger 

number of samples, and a number of MCVs have been observed by many investigators with 

various scientific objectives. Observations have been aimed at searches for QPOs (quasi

periodic oscillations), studies of hard X-ray emission mechanism in terms of spectral analysis, 

investigations of the binary structure and accretion stream utilizing simultaneously with 

other energy bands. Some of these data have already been published. These publications, 

however, concern a rather detailed modeling of a single source. This thesis, on the other 

hand, intends to establish a unified description of the hard X-ray emission mechanism and the 

origin of the spin modulation of MCVs by comparing many sources. All the data that meet 

this purpose have been reanalysed from a unified point of view under permission of individual 

Pis (Principal Investigators). To begin with, details of the observations are explained in this 

chapter. 

Table 4.1 lists all the MCVs observed with Ginga from 1987 February to 1991 May. 

Most sources were expected to be strong, so that the observations were performed basically 

in the pointing mode. The LAC pointing observation is interrupted by the passage of the 

spacecraft through high background regions (section 3.2) or by the earth occultation of the 

source. Therefore, total exposure time of the pointing observation in a day is limited to 

(1 - 3) x 104 seconds. Off-source background observations were performed for each source 

for 1 day either just before, just after, or in the middle of the on-source observations. The 

source intensities are presented in the counting rate of the LAC (counts s-1 ) in 1.2- 37.4keV 

for 8 detectors with a total effective area of 4000cm2 The counting rate for the Crab nebula 

with the LAC is~ 11 , 000 counts s-1
. Therefore, the intensity of the observed MCVs ranges 

a few milli-Crab or less according to the conventional Crab unit. 

33 
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Table 4.1: Observation log of MCVs 

Name of 
Source 

Date of or• 
Observation(UT) Mode 

Polars 
AM Her '89 Sep 17.9--19.6, 

20.8---21.5 
EF Eri ( 1 )'88 Nov 30.8-Dec 2.8 

(2)'91 Ja.n 23.7-24.4 

H0538+608 '88 Feb 7.8- 10.7 
(BY Cam) 
El405-451 
(V834 Cen) 

'90 Feb 10.0-10.6, 
12.9-13.5 

E2003+225 '91 Apr 9.2-10.4 
(QQ Vul) 
CW1103+254 '90 May 7.4-7.8 
(ST LMi) 

MPC-1 

MPC-1 
MPC-1 

(MPC-3) 
MPC-1 

MPC-1 
(MPC-2) 
MPC-1 

MPC-1 

Inte rmediate Polars 
GK Per ( 1 )'87 Sep 22.7-24.5 MPC-2 

(2)'90 Sep 7.4d MPC-1 
TV Col '87 Sep 21.5-22.3 MPC-2 

EXHya '88 Jun 16.3-17.0 MPC-1 

FO Aqr ( 1 )'88 Oct 29.4-31.0 MPC-1 
(2)'90 J un 27.2- Jly 2.0 MPC-3 

(MPC-1) 
AO Psc '90 Jly 10.8---ll.S MPC-1 

3A0729+103 '88 Nov 28.8-29.8 MPC-1 
(BG CMi) 
RE0751+14 '91 May 4.5-5.7 MPC-1 

Exposure Averageb 

Time (sec) Intensity 

99,500 42.3 

29,100 32.5 
21,200 24.3 

86,300 (PS) 14.0 
(FS) 22.3 

51,800 7. 1 

24,400 3.1 
(> 4keV) 

10,800 <3 

46,200 11.4 
100 144.0 

18,900 21.0 

20,200 49.6 

47,000 14.3 
55,000 17.6 

21,500 17.0 

27,100 7.3 

28,200 12.4 

PI' Ref. 

Osborne 

Watson Watson et al. '90 

LJO 

Bradt Silber et a/. '90 
Ishida et a/. '91 

Ishida 

LJO 

Watson 

PV Ishida et a/. '91 
Koyama 

PV 

Rosen Rosen et al. '91 

Norton Norton et al. '90 

Osborne 

Watson 

McCardy 

TOO 

a: Data modes in contact orbits are shown in parenthesis in case it is different from that in remote orbits. 

b: counts s- 1 in 1.2-37.4 keV for the 8 detectors with 4000cm2 . 

c: Principal Investigator (LJO = Latter-phase Joint Observation, PV = Performance Verification phase, 
TOO = Target Of Opportunity). 
d: Data were taken during a single scan only. 

In princi pie, all the data listed in table 4.1 are used in this thesis . However, observations 

carried out in the MPC-3 mode are not suitable since the present purpose requires full 

spectral information. Therefore, the observation of FO Aqr in 1990 is excluded from the 
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analysis. Details of the rest of observations are explained in the following two sections. 

At the end of this chapter, X-ray light curves after background subtraction and aspect 

correction are presented in figure 4.3. Used energy range for the light curves of polars 

and intermediate polars are 1.2-37.4keV and 1.2-18.6keV, respectively, although the lower 

boundary is set at 4.6keV for a E2003+225 and RE0751+14 which are contaminated oy 

solar X-rays. Rotational period of the white dwarf is indicated by a line with arrows at both 

ends. The background subtraction was performed with the Method II (section 3.2) in order 

to utilize the data taken in contact orbits as well. 

4.2 Observations of Polars 

4.2.1 AM Her 

The observation was performed for four days in 1989 September 17-21 and the background 

data were taken on the third day. There was no earth occultation of AM Her during the 

observation, so that the total exposure time of 100,000 s was obtained from the three days of 

on-source observation. The observed flux was consistent with that obtained with HEA0-1 

(Rothschild et a/. 1981). It is well known that AM Her shows two different states. One 

is "normal state" when the soft and hard X-ray light curves are in phase and the other 

is "reversed state" in which the hard and soft X-ray light curves are 180' anti-phased. 

Although no information is available about the soft X-ray light curve, the shape of the light 

curve (figure 4.3) resembles that of the normal state (Swank 1979) rather than the reversed 

state (Heise et a/. 1985) . 

4.2.2 EF Eri 

EF Eri was observed twice with Ginga, in 1988 December and in 1991 January for two 

days and one day, respectively. There was a simultaneous ROSAT coverage in the 1991 

observation. ROSAT, a joint Germany-UK-US satellite, was launched with the Delta II 

rocket from Cape Kennedy on 1990 June 1, carrying an imaging X-ray telescope (XRT) 

and an XUV telescope (WFC) jointly covering wave bands between 700 and 6 A. The light 

curve (figure 4.3) shows beat perodicity of ~8h between the rotational period of the white 

dwarf (81min) and the orbital period of Ginga (96min). The spin phase average intensity 

was about 1.5 times stronger in 1988 than in 1991. 

4.2.3 H0538+608 (BY Cam) 

The three day on-source observation of H0538+608 was performed in 1988 February 7-10. 

Simultaneous optical photometry and spectroscopy were carried out at MOM Observatory, 

Kitt-peak (Silber et a/. 1990) . H0538+608 is known as a peculiar source among polars since 

it shows aperiodic variation so strongly that periodic variations sometimes disappear both 



36 CHAPTER 4. OBSERVATIONS 

in optical and X-ray (Remillard et a/. 1986, Shrader et a/. 1988). The Ginga observation 

encountered a sudden change in the source behaviour. As shown in figure 4.3, the intensity 

modulation at the spin period (3.33±0.05h) of the white dwarf is clearly seen in the first half 

of the observation, whereas it completely disappears in the latter half. These two states are 

named "pulsing state" and "flaring state", respectively (Ishida et a/. 1991a). The average 

intensity in the flaring state is ~1.5 times higher than in the pulsing state. 

4.2.4 E1405-451 (V834 Cen) 

The observation was carried out for four days in 1990 February 10- 13 of which three days are 

for on-source pointing. The background data were taken on the third day. Unfortunately, 

the drift rate of the gyro around the Z-axis became unpredictably unstable, so that the 

source gradually drifted from the center of the field of view in the first two days. As we 

discarded the data with transmission less than 60% to avoid large error in aspect correction, 

only about half of the data remained. During the observation, the behavior of E1405-451 

was fairly steady, and clear pulsations were seen as in figure 4.3. The average intensity is in 

agreement with the EXOSAT observation (Osborne et a/. 1984) . 

4.2.5 E2003+225 (QQ Vul) 

The observation of E2003+225 was planned as a simultaneous observation with ROSA Ton 

1991 April 10. At that time, however, the angle between the LAC pointing direction and 

the sun was less than 90", and the Ginga data were severely contaminated by solar X-rays 

below 4keV (subsection 3.3 .1). Since almost all the data were taken during the day time 

of the satellite, no information was available below 4keV. The source was as expected very 

weak, only a few counts above 4keV. 

4.2.6 ST LMi (CW1103+254) 

The observation was performed for 1 day on-source pointing on 1990 May 7. From the 

EXOSAT observation, it was known that ST LMi is bright during a very small fraction of 

a spin cycle of the white dwarf (Osborne 1988). The expected count rate at the pulse peak 

is about 10 counts s-1 for Ginga. As shown in figure 4.3, however, the data coverage was 

very poor. We could obtain only the upper limit of the intensity as ~3 counts s-1 (3a) in 

1.2-37.4keV. We therefore exclude this source from the subsequent data analysis . 

4.3 Observations of Intermediate Polars 

As introduced in chapter 1, intermediate polar shows two coherent periodicities related with 

the orbital motion and the white dwarf rotation. Since X-ray is emitted at the base of 

the accretion column, its intensity is mainly modulated in synchronization with the white 
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dwarf rotational period, and the orbital modulation of the hard X-ray intensity has been 

found from only a few intermediate polars (for example, EX Hya and FO Aqr; see below) . 

Therefore, we concentrate on the X-ray intensity modulation at the white dwarf rotational 

period in this thesis. 

4.3.1 GK Per in quiescence 

The observation was carried out for two days on 1987 September 23- 24 in MPC-2 mode 

as a part of the PV(Performance Verification) phase program (Ishida et a/. 1991b). The 

background data was taken on September 22. The average source intensity was consistent 

with the EXOSAT observations in quiescence (Norton et a/. 1988). 

4.3.2 GK Per in outburst 

GK Per showed an optical outburst behaviour in 1989 July, lasting for about 50 days. On 

September 7, Ginga detected GK Per in outburst by chance during the hot bubble survey 

in the Perseus region (Ishida et a/. 1991b). Figure 4.1 shows the scan profile of GK Per. 

Although the quality of the data is poor since GK Per passed the fi eld of view only once 

with the maximum transmission of 40%, we found them to be available for spectral analysis 

after proper aspect corrections. The average intensity after the aspect correction was about 

140 counts s- 1 . The exposure time was, however, shorter than the rotational period of the 

white dwarf (351.341 sec), so that we could not study the pulsation. 

4.3.3 TV Col 

The observation was carried out on 1987 September 21. The background data were shared 

with the observation of GK Per in quiescence. The observation was frequently interrupted 

by the SAA and the earth occultation one after another, so that the efficiency of data takiQg 

was low. Although the pulsation of 1911s was detected in the EXOSATobservation, it was 

not found with the Ginga data. 

4.3.4 EX Hya 

The observation was carried out on 1988 June 16. In EX Hya, there is a well-know orbital 

dip caused by the eclipse of the emission region by the secondary (Rosen, Mason & Cordova 

1988). The observation was scheduled so as to maximize the coverage of the predicted 

eclipsing dip, and we have detected totally 7 dips. The expected dip positions are indicated 

with arrows in figure 4.3. EX Hya is know as one of the brightest MCVs, and as expected, 

the average intensity was about 4.5 mC. 
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Figure 4.1: The scan profile of the GK Per. In the lower energy band, Perseus cluster is also 

detected. 

4.3.5 FO Aqr 

FO Aqr was observed for two days on 1988 October 29-30. Unlike other intermediate polars , 

FO Aqr shows clear orbital modulation of X-ray intensity, and the profile of the rotational 

intensity modulation significantly varies at the orbital period of 4.85h (Norton et a/. 1990; 

see also Norton et a/. 1991) . 

4.3.6 AO Psc 

The observation was performed for a day on 1990 July 11. The rotatinal intensity modulation 

is stable compared with other intermediate polars. 

4.3.7 3A0729+103 (BG CMi) 

The observation was performed for one day on 1988 November 29. 3A0729+103 is the only 

intermediate polar that shows polarization in optical wave band (Penning, Schmidt & Liebert 

1986) , which indicates that the white dwarf in intermediate polar is really magnetized. 
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4.3.8 RE0751+14 

RE0751+14 was first detected with the WFC on board ROSAT (see 4.2.2) during the un

biased all sky survey phase. Therefore, it was difficult for ROSAT to study time variability 

at that time. A periodicity of 13.8 min was found with an IR observation, suggesting that 

the source is a new intermediate polar. Intermediate polar is generally a strong hard X-ray 

source, although RE0751 + 14 had not been catalogued in X-rays. Therefore, we performed 

scanning observations with Ginga on 1991 May 1 and we obtained totally 4 scans just before 

the pointing observation. Figure 4.2 shows the scan profile over the RE0751+14 region. A 

clear peak is found at the position of RE0751+14, and as will be described later , an X

ray periodicity consistent with that of the IR observaiton was detected in the Ginga data. 

A detection of persistent X-ray pulsation suggests that the white dwarf in the system is 

magnetized. T he periodicity at ~ 103s is typical of rotational periods of white dwarfs in 

intermediate polar systems (table 2.1 ), and it is a little too short for an orbital period. It 

is, therefore, suggested that RE0751+14 is a new intermediate polar. After the scanning 

observation, ordinary pointing observation was performed for 1 day on May 4-5. About two

thirds of the pointing data were, however, contaminated by solar X-rays (subsection 3.3.1) 

as they were taken during daytime of the satelli te under unfavourable sun angles. Therefore 

the energy channels below 4keV of these data are not available . 

20 

10 

10 20 30 40 

><0.20 OEG 

Figure 4.2: Scan profi le of RE0751+14 
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Figure 4.3: Raw light curves of MCVs. Figure 4.3: Raw light curves of MCVs (cont'd). 
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Chapter 5 

Data Analysis and Results 

This chapter is dedicated to the description of the Ginga data analysis and derived results. 

From the period-folding analysis, we have reconfirmed the modulations of the hard X-ray 

intensity at the rotational period of the white dwarf. Examining the energy dependence 

of the modulation light curves, we have found that there are appreciable differences in the 

energy dependence of modulation amplitudes between polars and intermediate polars. 

The hard X-ray spectra above lOkeV of both polars and intermediate polars are explained 

by the emission from optically-thin thermal plasma with a temperature of a few tens of keV, 

which confirms the existence of the shock wave in the accretion column which has been 

expected from the standard accretion shock model. We propose a unified spectral model 

which explains the hard X-ray spectra of MCVs. We also examine properties of an iron 

emission line from MCVs, which provides us with information of the structure around X-ray 

emission region. 

5.1 Spin Modulation of MCVs 

5.1.1 Search for Periodicity and Modulation Light Curves 

The intensity modulations at the white dwarf rotational period in hard X-rays have been 

established through the observations by HEA 0- 1, Einstein and EXOSAT. The precise period 

is measured by optical observations for most MCVs with relatively longer base lines (see table 

2.1 a nd 2.2). It may, however, still be worthwhile reconfirming them with the Ginga data. 

To determine the rotational period of the white dwarf, we adopt the period folding method; 

background-subtracted and aspect-corrected light curves are folded at many trial periods, 

and deviations from the fiat light curve are calculated . Most MCVs showed a clear reduced 

x2 peak except TV Col. 

Reduced x2 values versus trial periods are shown for the sources listed in table 4.1 in 

figure 5.1. Both AM Her and H0538+608 were observed in the on-source pointing mode for 

3 days. The pulsation was, however, detectable only during the first 1.5 day for H0538+608 

and its averaged intensity was 4 times weaker than that of AM Her, which reduced the 

43 
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Figure 5.1: Reduced x2 values versus trial periods with the Ginga data. Light curves in 1.2-

37.4 keY are used except RE0751+14 (3.5-37.4 keY) due to contamination of solar X-ray. 

accuracy of the period determination of H0538+608. There are several x2 peaks of similar 
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heights in the diagram of E1405-451. These are cycle count aliases of the true rotation 

period due to a large data gap lasting nearly 2 days in the middle of the observation. 

The derived rotational periods are listed in table 5.1 in comparison with the optical 

periods. The way of error estimation of the period, together with examination against 

spurious period detection with Ginga observations, is summarized in appendix A. The Ginga 

periods agree with the optical periods within errors. 

Table 5.1 : Rotational period of the white dwarf determined with Ginga and optical obser

vations 
Source 

Polars 

AM Her 

EF Eri 

H0538+608 

E1405-451 

X-ray period (s) 

11150±70 

4870±30 

12000±190 

6090±20 

Intermediate Polars 

GK Per 

TV Col 

EX Hya 

FO Aqr 

AO Psc 

3A0729+103 

RE0751+14 

351.3±0.1 

4020±50 

1254.8±2.0 

805.9±1.9 

913.7±1.7 

833.2±1.2 

Rotatinal period (s) 

11139.3 

4861.4 

11959.8 

6090.9 

351.34 

~1911 

4021.62 

1254.45 

805.20 

913.49 

~830 

A periodic modulation at 13.89±0.02 minutes has been detected from RE0751+14 for the 

first time in hard X-rays, which strongly suggests that the source is an intermediate polar. 

In figure 5. 2, the light curves folded at the optical rotational periods are shown for two spin 

cycles for 4 polars (AM Her, EF Eri, H0538+608, E1405-451) and 7 intermediate polars 

(GK Per in quiescence, TV Col, EX Hya, FO Aqr, AO Psc, 3A0729+103, RE0751+14) in 

three broad energy bands. In order to indicate spectral changes with the pulse phase, the 

ratios of the soft-band to the middle-band light curves are also shown. 
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Figure 5.2: Folded light curves of polars 
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Figure 5.2: Folded light curves of intermediate polars 



48 CHAPTER 5. DATA ANALYSIS AND RESULTS 

AO Psc (805.20 sec) 
15.-----~------~------------, 

() 

~ 8 
l'l 
B 4 
() 

........... ......__ _ ........... ....._ 
--- ------ .--- ------ ·-

4 

3 

2 

1 

0 
6 

4 

2 

0 
3 

2 

1 

0 
1. 0 

3A0729+ l03 (913.49 sec) 

~ 
f-) f:--t 1.2-5.2keV 

++ +++ + ++ +++ + 

I+\++++ + + + +-+-!# + +++ + + + ++-i 
+ + + + 

++. + 
~ ~ 

++++ 
~ ~· ·· ······"' ' 

5.2-9.9keV 

+ ,.~++ ........................ -tA-................ + ..... +++~++ ......................... .,..+~~ 
..... + ................ ++++ 

1!+\++++\++t++++\+\++t-t+\/t+++/++++++/\++ 

9.9-27.9keV 

++ t+t + t++ 
+ ++t + +-++t+ + / /++t ++! .5 + + + t+ ++ + + ++ ++ + + 0 

+t 1.2-5.2keV ++ 
5.2-9.9keV 

2 

Spin phase Spin phase 

RE075l + 14 (833.4 sec) 
5 3.5-5.2l<eV 

() 4 ~ ~ · · ·· ) 
<l> 

......... ~ .............. -to+- :+. ....... ++-t- .......................... ~.~ ..................... ++-t-~ 3 
"' ......... .. ................. + +-+ c 2 
5 1 
() 

0 
8 5.2-9.9keV 

() 
6 +--- ... --....... <l> 

~ .......................... ......._~ ........... ~ ................ ~..,.........~ 
l'l 4 
c 
:::> 2 0 
() 

0 
4 9.9-27.9keV 

() :~++++- + ++++ ++- + ++-Q) 3 ~ ++++ + +++-+ +++ ++++ + +++++ 
"' 2 ++++ ++ ++++ + c 
:::> 
0 1 () 

Figure 5.2: Folded light curves of intermediate polars ( cont'd) 
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5.1.2 Energy Dependence of Modulation Light Curves 

It is easily noticed from figure 5. 2 that the light curves of polars are basically single-peaked, 

whereas there are considerable variations in those of intermediate polars. In addition, it is 

suggested from figure 5.2 that the modulation ampli tude of intermediate polars is generalJy 

larger in lower energy bands, whereas that of polars are rather energy independent or some

what larger in higher energy bands. To evaluate these features quantitatively, we introduce 

Modulation Amplitude (M A) in terms of Fourier amplitudes. A periodic function f(t) with 

a period P is expanded by Fourier series as 

With Fourier amplitudes {an} and {bn}, the Modulation Amplitude is defined as 

M A = 2V'L~:; (a~ + b~) 
ao 

(5 .1) 

(5.2) 

Notice that the summation in eq(5.2) ends up at the second harmonic. This is to evaluate 

the complexity of t he shape of the light curves of intermediate polars and to avoid the 

cont~ibution from statistical and aperiodic variations. 

Applying eq.(5. 1) and (5.2) to the folded light curves shown in figure 5.2, Modulation 

Amplitudes have been obtained as a function of X-ray energy. Results are shown in figure 

5.3. Figure 5.4 shows the relation of MAs in two different energy bands, 1.2- 5.2 keY and 

9.9-14.0 keY. As clearly revealed in these figures, the MAs of intermediate polars decrease 

toward higher energies , while those of polars are relatively independent of energy, with a 

slight increase toward higher energies. The MAs of polars are general ly larger than those of 

intermediate polars . These resu lts confirm the suggestion made above. 

5.1.3 Interpretation of the Modulation Light Curves 

Here we attempt to interpret the results obtained in section 5.1.2, especially the clear dif

ferences between polars and intermediate polars. The modulation amplitudes of polars 

are on the average larger than 50%, and show weak energy dependence. Such an energy

independent , large modulation has been most naturally explained by the eclipse of the emis

sion region by the white dwarf. In addition to this, a narrow dip around the pulse-peak 

is recognized mainly in lower energy bands in three polars (AM Her, EF Eri, E1405-451) 

out of four. These narrow dips have been attributed to the photoelectric absorption, for 

example for EF Eri (Beuermann et a/. 1987), because of their energy dependence, which will 

be confirmed late r. From these two observational results, it is likely t hat the emission region 

comes nearest to the line of sight at pulse-peak phases, and the dip is due to photoelectric 

absorption along the accretion column. 
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In intermediate polars , on the other hand, the situation is a little more complicated. The 

modulation amplitude above 10keY is not more than 20%, which suggests relatively small 

15 
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contribution to the spin modulation from the occultation of the white dwarf. Photoelectric 

absorption can qualitatively explain the energy dependence of the modulation of intermediate 

polars. In this case, the spectra are expected to undergo more absorption in the pulse-bottom 

phase, although there is no clear absorption dip in the light curves of intermediate polars. 

Notice that , however, this is not a unique possibility. For example, coexistence of a pulsating 

soft component and a stable harder component can also explain larger modulation amplitude 

in the lower energy band. Further investigation will be made through spin-phase spectral 

analysis in section 5.3. 

5.2 Spin-phase Average Spectra of MCVs 

5.2.1 Derivation of spectra 

As we have background observations adjacent to the on-source observations for all the on

source observations listed in table 4.1, we can use Method I for background reduction from 

the on-source data. As explained in chapter 3, this method is in general reproduces accurate 

background counting rate. The spectra of MCYs are expected to be very hard, so that 

it is necessary to recover spectral information up to the highest possible energy band with 

enough reliability. Therefore, we exclude the data obtained in contact orbits from the spectral 

analysis because the LAC internal background is twice as high as in the remote orbits, and 

adopt SUD-sorting method for background subtraction. About one-fifth of the data is. lost 

in this treatment. After background subtraction, the aspect correction is performed for the 

obtained spectra. To avoid large errors in this process, we discard the data with collimator 

transmission of less than 70%. 

The spin-phase average spectra thus obtained are shown in figure 5.5 for all the sources 

listed in table 4.1. Throughout this thesis, we deal with photon spectra without deconvolut

ing the counter response function. These spectra have following qualitative characteristics. 

First, all these spectra are very hard. In fact, Ishida. et a/. (1991a, b) have already shown 

that the spectra of GK Per in quiescence and outburst and the spectra of H0538+608 are 

explained by the thermal bremsstrahlung model spectrum with temperature of 30-40keY. 

Second, most spectra shows a prominent line structure, probably the iron K-ernission line, 

around 6-7keY. Finally, the shapes of the spectra below ~6keY differ significant ly source 

by source. Some spectra show clear low energy cutoff (GK Per in outburst and FO Aqr, 

for example) while others do not (EF Eri and GK Per in quiescence, for example). These 

features are quantitatively evaluated in the following subsections. 
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Figure 5.5: Spin-phase averaged spectra of MCVs (cont'd) . 
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5.2.2 Evaluation of Spectra 

To evaluate spectra quantitatively, we use the spectral fitting method. Photon spectral 

models are first convoluted with the response function as 

F(E) = f' R(E, E') M(E') dE', (5.3) 

where M(E') means a model function, E' and E denotes the incident photon energy and 

output pulse height, respectively, and R(E, E') represents the response function of the LAC. 

Then F(E) is compared with data and x2 is calculated, including a systematic error of 1% 

in addition to the statistical error. In this thesis, we use following model functions . 

1. Thermal bremsstrahlung spectrum with temperature T; 

M(E) = A rl/2 e-EfkT g(E~kT) , (5.4) 

where g is the Gaunt factor. We adopt the Gaunt factor calcu lated by Gould (1980) 

which is expected to be accurate for plasmas with temperature of 107- 8 K. A represents 

the normalization factor and is expressed as 

(5.5) 

where a = e2 /he, A = h/m.c2
, and D represents the distance to the source. Therefore, 

it should be remarked that the normalization of the thermal bremsstrahlung model 

used in this thesis is proportional to so-called emission measure in the parenthesis of 

equation (5.5). 

2. Power-law spectrum with photon index a and normalization A; 

M(E) = AE-a. 

3. Blackbody spectrum with temperature T and normalization A; 

£2 
M(E) = A-8 -. 

eiT- 1 

(5.6) 

(5.7) 

4. "Boltzmann" function with temperature T, photon index a and normalization A; 

M(E) = A E-o e-EfkT (5.8) 

This is mainly used as a rather empirical model for the continuum since this function 

approximate any one of the above three functions by adjusting a and kT; with a~ 

1.3 - 1.4 it approximates thermal bremsstrahlung spectrum, with kT = oo it reduces 

to the power-law spectrum, and with a = -2 it becomes the Wien spectrum which 

represents the blackbody spectrum in the E ~ kT regime. 
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5. Gauss function with center energy E0 , standard deviation a and normalization A; 

A (B->;ol' 
M(E) = tn= e- ,. , 

v21ra 

This function is used for representing the iron line. 

6. Photoelectric absorption with equivalent hydrogen column density N H; 

(5.9) 

(5.10) 

where a( E) means the cross section of photoelectric absorption calculated by Morrison 

& McCammon (1977) for material with solar abundances. A continuum function is 

multiplied by this function before convolution with the detector response. 

5.2.3 Single Component Fits 

To begin with, we try to evaluate the spectra shown in figure 5.5 with spectral models 

composed of a single continuum model with photoelectric absorption. We use the thermal 

bremsstrahlung model or the power-law model as a continuum component. Resultant x2 

values are listed in the second and the third columns of table 5.2. As easily seen from 

this table, the thermal bremsstrahlung model generally gives better fits to the observed 

spect ra. Resultant x2 values indicate, however, that the fits are not acceptable. In figure 

5.6, some examples of fits with thermal bremsstrahlung model are shown. There is a clear 

hump around 6- 7ke V in the fit residuals, indicating presence of the iron emission line. We 

then include a narrow (O.lkeV FWHM) Gaussian line in the fit with intensity and central 

energy set free. As listed in the last column of table 5.2, this thermal bremsstrahlung plus 

a Gaussian line model has given significantly improved fits for all the spectra. Hereafter we 

refer to this model as " Model-l". Reduced x2 value corresponding to the 90% confidence 

level is 1.33 for the degree of freedom of 30 . Fits have therefore been acceptable for 6 

out of 15 spectra at the 90% confidence level; EF Eri ('88) and ('91), H0538+608 in the 

flaring state (FS), E2003+225, GK Per in quiescence and 3A0729+103. These sources, with 

the spin-phase average spectrum represented well with Model-l, are hereafter referred to as 

"Group-1" sources, and the others as "Group-2" sources. (Notice that GK Per in quiescence 

and H0538+608 in FS are included in Group-1, whereas GK Per in outburst and H0538+608 

in PS belong to Group-2.) In figure 5.7, the results of the fits with Model- l are shown for 

all the spectra together with fit residuals. The fit parameters for the Group-1 sources are 

summarized in table 5.3. 

A remark should be made here for EX Hya. A thin thermal bremsstrahlung with iron 

Ka line gives X~ value of 1.83 which is not acceptable. Inspecting the residuals of the 

fit (figure 5.7) , a positive and sharp structure remains in a few energy bins around 8 keV . 

T herefore, we include another Gaussian line in the model. With this model, reduced x2 value 

is significantly reduced to 1.09. Therefore we include EX Hya in Group-1. The resultant 
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Table 5.2: Reduced x2 values with a single continuum models. The number in parenthesis 

gives degree of freedom. 

Source No iron line With Iron line 

Th. Brems . Power-law T h. Brems 

Polars 

AM Her 52.6 (34) 74.0 (34) 9.31 (32) 

EF Eri ('88) 8.24 (34) 13.8 (34) 1.06 (31) 

EF Eri ('91) 4.65 (34) 8.78 (34) 1.06 (31) 

H0538+608 (PS) 4.10 (33) 5.68 (33) 1.45 (31) 

H0538+608 (FS) 4.39 (33) 8.48 (33) 0.81 (31) 

El405-451 9.03 (33) 10.4 (33) 1.77 (31) 

E2003+225 1.96 (30) 2.08 (30) 0.88 (28) 

Intermediate Polars 

GK Per (Qui.) 1.32 (31) 1.67 (31) 0.74 (29) 

GK Per (Outb.) 2.55 (31) 2.55 (31) 1.63 (29) 

TV Col 9.07 (31) 10.7 (31) 2.49 (29) 

EX Hya 31.0 (33) 50.4 (33) 1.83 (31) 

FO Aqr 19.5 (34) 20.9 (34) 9.08 (32) 

AO Psc 16.1 (29) 22.0 (29) 2.13 (27) 

3A0729+103 3.28 (34) 3.34 (34) 1.12 (32) 

RE0751+14 6.07 (33) 7.02 (33) 1.71 (31) 

center energies of the two lines are 6.78 ± 0.04 keV and 8.20 ± 0.27 keY, and their line 

equivalent widths are~ 640 eV and~ 130 eV, respectively. These values are consistent with 

those of Ka and Kp line expected from the plasma in ionization equilibrium (Okumura et 

a/. 1988). The result of the fitting including two Gaussian lines is shown in figure 5.8 for 

EX Hya. As a result, 7 spectra out of 15 can be fitted by Model- l including EX Hya. On the 

other hand, fits for the spectra of Group-2 sources are not improved by including another 

line. Therefore, it seems that EX Hya is rather exceptional. We will return to this problem 

in section 5.6 after establishing a spectral model in section 5.3 and 5.4 which explains all the 

spectra of MCVs. 
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Figure 5.6: Examples of the fits with thermal bremsstrahlung model (without line) . Bottom 

panels show fit residuals in units of standard deviation. 

Table 5.3: Fit parameters with thermal bremsstrahlun~ model. 

Name of Continuum Parameters 

Source Norm.'" Temp.h logNH c 

EF Eri ('88) 1.17±0.02 16.9±0.6 21.7±0.08 

EF Eri ('91) 0.86±0.02 16.9±1.0 21.5±0.15 

H0538+608 (FS) 0.78±0.01 25.9±1.5 21.8±0.07 

E2003+225 0.14±0.01 41.9±8.4 < 22.5 

GK Per (quis.) 0.39±0.02 32.0±6.1 21.9±0.14 

EX Hya. 2.00±0.02 8.9±0.2 < 20.5 

3A0729+!03 0.41±0.03 28.9±5.8 23.1±0.04 

a.: Normalization in unit of 10 2 photons/sec/ cm2 /keV 

b: Temperature of thermal bremsstrahlung in keV 

c: Unit of Nu is cm- 2 

d: Line intensity in unit of 10- 4 photons/sec/cm2 

e: Line center energy in keV 

f: Line equivalent width in eV 

g: Row for Kp line pa.ra.meters 

Iron Line Parameters 

Int.d Energye E.W.I 

2.1±0.2 6.76±0.07 310±30 

1.6±0.2 6.71±0.09 320±50 

1.1±0.2 6.59±0.10 210±30 

0.7±0.1 6.70±0.09 680±90 

0.7±0.2 6.49±0.24 250±90 

5.6±0.3 6.78±0.04 640±40 

0.8±0.3 8.20±0.27 130±40 g 

1.0±0.2 6.50±0.10 410±80 

x~ (dof) 

1.06 (32) 

1.06 (32) 

0.81 (26) 

0.88 (22) 

0.74 (29) 

1.09 (29) 

1.12 (32) 
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Figure 5.7: Spectral fitting with the thermal bremsstrahlung model including an iron line. 
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Figure 5.7: Spectral fitting with the thermal bremsstrahlung model including an iron line. Figure 5.7: Spectral fitting with the thermal bremsstrahlung model including an iron line. 
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Figure 5.7: Spectral fi t ting with the thermal bremsstrahlung model including an iron line. Figure 5. 7: Spectral fitting with the thermal bremsstrahlung model including an iron line. 
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Figure 5.8: Spectral fitting with thermal bremsstrahlung model including two Gaussian lines 

for EX Hya. 

5.2.4 Evaluation of the Temperature 

In the previous subsection, it was shown that the spectra of about half the sources can be 

fitted well with Model-l. Inspecting the other spectra shown in figure 5.7, it is recognized 

that the residuals mainly remain in the lower energy band, and the fits in higher energy 

range are relatively good. In section 5.2.3, the spin-phase average spectra of all the MCVs 

favoured the thermal bremsstrahlung spectrum rather than the non-thermal power-law. We 

have therefore attempted to fit the spin-phase average spectra of the Group-2 sources with 

the thermal bremsstrahlung model but using the energy band above lOkeV (in this energy 

band, photoelectric absorption is negligible) . Results of these fits are listed in table 5.4. The 

fits are on the average acceptable. For references, temperatures determined with full energy 

range (1.2-37.4keV) are shown in parentheses for Group-1 sources (table 5.3). Agreement of 

these two temperature determinations is good. We have also tried a power-law continuum 

above lOkeV (without photoelectric absorption). Obtained x2 values are listed in the last 

column of table 5.4. Although power-law fits are also acceptable for most of the sources, 

they are unacceptable for two Group-2 sources, AM Her and H0538+608(PS). 

Results so far obtained strongly support the viewpoint that hard X-ray emission of MCVs 

is of thermal origin. Obtained temperatures range from 10 to 40keV, which roughly corre-
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Table 5.4: Fit parameters with the thermal bremsstrahlung model above lOkeV. 

Source Norm.(lO 2photons Temp. X~ (d.o.f.) X~ (d.o.f) 
s-1 cm-2 keV-1 ) (keV) (PL)h 

Po Iars 

AM Her 1.67±0.09 19.4±1.7 1.13 (18) 2.36 ( 18) 

EF Eri ('88) 1.01±0.07 21.8±2.9 (16.9±0.6)• 0.69 (21) 0.79 (21) 

EF Eri ('91) 0.90±0.11 15.3±3.0 (16.9±0.6)' 0.79 (21) 0.95 (21) 

H0538+608 (PS) 0.50±0.05 39.5±10.9 1.22 (20) 1.39 (20) 

H0538+608 (FS) 0.77±0.05 25.6±3.8 (25.9±1.5)' 1.05 (20) 1.54 (20) 
El405-451 0.32±0.13 16.9±6.0 0.88 (20) 0.92 (20) 
E2003+225 0.15±0.05 31.4±55.9 ( 41.9±8.4)' 1.01 (21) 1.01 (21) 
Intermediate Polars 

GK Per (Qui.) 0.38±0.07 34.3±21.2 (32.0±6.1)' 0.87 (18) 0.94 (18) 
GK Per (Outb.) 8.0±1.6 53.6±85.7 1.04 (15) 1.07 (15) 
TV Col 0.67±0.06 51.1±27.4 0.92 (18) 1.01 (18) 
EX Hya 1.73±0.18 10.3±1.0 (8.9±0.2)' 0.42 (20) 0.76 (20) 
FO Aqr 0.79±0.07 33.9±8.4 1.08 (18) 1.22 (18) 
AO Psc 0.80±0.11 13.9±2.4 0.45 (16) 0.59 (16) 
3A0729+103 0.39±0.08 36.3±15.8 (28.9±5.8)• 1.30 (21) 1.34 (21) 
RE0751+14 0.62±0.15 20.4±7.8 1.09(17) 1.13 (17 

a.: Temperature deterrruned using the full energy range 1.2-37.4keV. 

b : Results obtained with power-law fits above lOkeV. 

spond to the graviational potential energy with matter of solar abundances accreting onto 

the white dwarf surface. There still remains, however, a problem that Model- l cannot ex

plain all the spectra in full energy band. As mentioned above, discrepancy between the data 

and the model prediction is mainly in lower energy band. It is possible that the absorbing 

column density exihibits significant distribution, as pointed out from the EXOSATobserva

tions (Norton & Watson 1989). Alternatively, it is also possible that another independent 

continuum component exists in the lower energy band, reminiscent of the comments made at 

the end of section 5.1.3. We cannot give a conclusion to this problem by spin-phase average 

spectroscopy alone. We further proceed to the spin-phase-resolved spectroscopy, and later 

come back to this problem. 
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5.3 Spin-phase Spectroscopy of MCVs 

5.3.1 Spectral Variation with Spin Phase of the White Dwarf 

As mentioned in the previous two sections, spectral shape varies significantly with spin phase 

of the white dwarf especially in intermediate polars. It is important to examine this variation 

with spin-phase-resolved spectroscopy to clarify the origin of the spin modulations of MCVs 

and to explain the complexity of spin-phase average spectra. We have made the following 

data selection for spin-phase spectroscopy. We exclude TV Col from the analysis because 

pulsation is not detected. We also exclude E2003+225 because it is too faint for the data to 

be divided any further. As mentioned in section 4.3.1, only the quiescent data of GK Per 

is available for spin-phase spectroscopy. Also, only the data in the pulsing state (PS; see 

section 4.2.3) are used for H0538+608. As for EF Eri, the two sets of data (observation 

performed in 1988 and 1991) are merged in view of statistics because the two spin-phase 

average spectra show no difference in shape (figure 5.7 and table 5.3) in spite of a factor ~1.5 

intensity difference. As mentioned in section 4.3.8, about two-thirds of RE0751+14 data are 

contaminated by solar X-rays. To retain statistics, we use all the data but discard eneregy 

band below 4keV. After these selections, 10 sources remain for spin-phase spectroscopy. 

As suggested in subsection 5.1.3, spectral shape changes with spin phase especially in 

intermediate polars, which may be attributed to the modulation in the low energy absorption 

or the appearence of additional soft component. As shown in figure 5.2, the softness ratio 

is maximum at the pulse-peak (pulse-bottom) and minimum at the pulse-bottom (pulse

peak) in polar (intermediate polar). Therefore, it is expected that essence of the intensity 

modulation is best investigated through comparison between the pulse-peak and the pulse

bottom spectra. In this thesis, we examine the pulse-peak and the pulse-bottom spectra 

for the 10 sources mentioned above, and possible from statistical point of view, we further 

examine the rise and decline phases for some particular sources. 

In figure 5.2, phase intervals specifying the pulse-peak and the pulse-bottom are shown by 

arrows. Obtained spectra for these phase intervals are superposed in figure 5.9 together with 

the ratio of the count rates in each spectral channel of the two spectra (hereafter referred to 

as SC-ratio). The spectra are aspect-corrected after background subtraction by SUD-sorting 

method. Here we reconfirm the results derived in subsections 5.1.2 and 5.1.3 that 

• the modulation amplitude of polars is on the average larger than that of intermediate 

polars, 

• the modulation amplitude of polars is larger in higher energy bands whereas that of 

intermediate polars increases toward lower energies, or equivalently, the spectra of 

polars are softer in the pulse-bottom phases whereas those of intermediate polars are 

so in the pulse-peak phase. 
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Figure 5.9: Pulse peak and pulse-bottom spectra, and the ratios of count rate in each spectral 

channel. 
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Figure 5.9: Pulse peak and pulse-bottom spectra, and the ratios of count rate in each spectral 

channel ( cont 'd) . 
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Figure 5.9: Pulse peak and pulse-bottom spectra, and the ratios of count rate in each spectral 
channel (cont 'd). 
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Figure 5.9: Pulse peak and pulse-bottom spectra, and the ratios of count rate in each spectral 

channel (cont'd). 

5.3.2 Spin-modulated Components of Group-1 Sources 

The spin-phase average spectra of the Group-1 sources (EF Eri, GK Per in quiescence, 

EX Hya and 3A0729+103 after the selection made in subsection 5.3 .1) can be fitted well 

with Model 1. As this is also expected to be the case for spin-phase spectra, we have 

fitted the pulse-peak and the pulse-bottom spectra of these sources with Model 1 to identify 

spin-modulated components. Results of the fits are summarized in table 5.5. The fits are 

acceptable for most spectra with reduced x2 values ranging 0.6 to 1.2 except for the pulse

peak of EX Hya (x; = 1.56). Confidence contours in kT-N H plane for EF Eri, GK Per 

and 3A0729+ 103 are shown in figure 5.10. It is evident from this figure that hydrogen 

column density changes between the pulse-peak and the pulse-bottom for these three sources 

while the temperature is essentially unmodulated . From table 5.5, it is recognized that 

normalizations of the pulse-peak and the pulse-bottom are also the same for two intermediate 

polars, GK Per and 3A0729+103. 

Apart from EX Hya, which is discussed in the next subsection, characteristics of the spin 

modulation of the Group-1 sources are summarized as follows . Between the pulse-peak and 

the pulse-bottom, temperature does not change which is a common property of Group-1 polar 

and intermediate polar. For two intermediate polars , normalization factor of the continuum 

is also unmodulated. Therefore, the energy dependence of spin modulation of Group-1 

intermediate polars is explained solely with change in photoelectric absorption, larger in the 

pulse-bottom phase and less in the pulse-peak phase. In EF Eri, on the contrary, hydrogen 

column density is larger in the pulse-peak. This is, however, surpassed by a larger change 

c 
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Figure 5.10: Confidence contours of the spectral fit with Model-l for Group-1 sourc~s . Con

tour levels are 68% and 90%. 

in the normalization factor of the continuum, which is larger in the pulse-peak. Therefore, 

the energy-independent large modulation ampl~tude of EF Eri is explained by the change in 

the normalization factor, and its slight decline in lower energies is attributed to the larger 

hydrogen column density in the pulse-peak. 
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Table 5.5: Best fit paramaters for the pulse-peak and the pulse-bottom spectrum with 

Model-l. 

Source 

EF Eri 

(peak) 

(bottom) 

GK Per 

(peak) 

(bottom) 

EX Hya• 

(peak) 

(bottom) 

3A0729+103 

(peak) 

(bottom) 

Continu um 

Norm. {lo-•phs Temp. 
s- 1 cm-2 keY- 1 ) (keY) 

1.96±0.04 16.5±0.8 

0.52±o.02 15.7±1.8 

0.39±0.02 32.5± 6.7 

0.38±0.02 36.4±11.0 

2.46±0.01 8.0±0.1 

1.74±0.06 9.1±0.5 

0.42±0.03 27.4±6.1 

0.42±0.03 26.2±5.0 

logNH 
(cm- 2 ) 

22.09±0.04 

21.55±0.26 

21.87±0.16 

22.11±0.15 

<20.5 

<20.5 

22.99±0.05 

23.13±0.04 

Iron line X~ 
Intensity {10-2 Energy E.W. (d.o.f.) 

phs s- 1 cm-2 ) (keY) (eV) 

2.9±0.4 6.69±0.10 257± 40 1.27(32) 

0.8±0.3 6.69 ±0.20 278± 90 0.82(32) 

0.6±0.3 6.41±0.25 241± 90 0.63(29) 

0.8±0.3 6.81±0.23 332±130 0.89(29) 

6.0±0.2 6.82±0.03 618± 23 1.56(29) 

0.9±0.2 8.54±0.15 156± 30 

4.8±0.8 6.74±0.12 620±100 1.02(29) 

1.1±0. 7 7.83±0.47 199±130 

0.9±0.2 6.38±0.13 363± 90 0.96(26) 

1.0±0.2 6.50±0.10 440± 90 1.22(26) 

a: Both [(0 and l(p line are included. The upper row corresponds to the parameters for I<a line and th e 

lower row to those for /(p line. 

5.3.3 Spin-modulated Components of EX Hya 

The best fit parameters for the pulse-peak and the pulse-bottom spectrum of EX Hya are 

also listed in table 5.5. Unlike spectra of the other Group-1 sources, the pulse-peak spectrum 

cannot be fitted with Model 1. In figure 5.11(a), we show the result of spectral fit to the 

pulse-peak with Model- l (two iron lines). From this figure, it is noticed that residuals 

concent rate on the energy band below 6ke V. We have carefully checked the contamination of 

solar X-rays and the reflection from the earth illuminated by the sun, but these possibilities 

are rejected. Therefore, this component is intrinsic to EX Hya. Utilizing the flat SC-ratio 

in higher energies, it is expected that we can extract a soft component responsible for this 

residual by taking difference between the pulse-peak and the pulse-bottom spectra after 

normalizing count rates in higher energy channels. We have normalized both spectra so 

that 9.3-37.2keV count rates become equal, and made a difference spectrum. Since the soft 

component is prominent only in several lowest energy bins, it is fitted well with various 

models, for example, thermal bremsstrahlung, blackbody with temperature less than lkeV, 

or power-law with photon index of~ 3, with almost the same reduced x2 values of ~0.5. 

Therefore we have fitted the pulse-peak spectrum of EX Hya with Model-l plus black-
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Figure 5.11: 

Results of the fit of the pulse-peak spectrum of EX Hya. (a) Model-l with two iron lines (X~ =1.59). (b) 

Two thermal bremsstrahlung continua with two lines (x~ =0.46). 

body, thermal bremsstrahlung or power-law including two iron lines. Results of the fit by 

assuming the thermal bremsstrahlung as soft component is shown in figure 5.11(b) and the 

best fit parameters are listed in table 5.6. Resultant x2 values are almost the same for these 

three fits, and temperatures of the hard bremsstrahlung component is unaffected by the 

particular soft component model used in the fit. 

As in the other three Group-1 sources described in the previous subsection, the pulse

peak temperature of EX Hya thus obtained is not different from that of the pulse-bottom. In 

addition, we have obtained only the upper limits for hydrogen column densities both in the 

pulse-peak and the pulse-bottom spectra. Therefore, energy-dependence of the modulation 

amplitude of EX Hya cannot be attributed to photoelectric absorption. Alternatively, unlike 

in the other Group-1 sources, the soft component in the pulse-peak spectrum is responsible 

for the larger modulation amplitude in lower energies. In addition, normalization of the hard 

continuum significanly changes between the pulse-peak and the pulse-bottom. This resembles 

EF Eri (a Group-1 polar), and completely different from the two Group-1 intermediate 

polars. This is responsible for energy independent modulation amplitude of ~10% in higher 



74 CHAPTER 5. DATA ANALYSIS AND RESULTS 

Table 5.6: Fit Earameters of the Eulse-Eeak sEectrum of EX Hya with two continuum model. 
Model• Thermal brem. Soft comp. Iron line X~ 

Norm.b Temp.c logNf, Norm.b a or Temp.c lnt. e Ene_rgyc (d.o.f) 

PL 2.15±0.15 9.08±0.56 <21.6 1.56±0.76 3.16±1.37 6.3±0.5 6.81±0.06 0.44(27) 

0.9±0.4 8.47±0.36 

BB 2.32±0.04 8. 75±0.22 <21.6 8.37±2.70 0.37±0.02 6.0±0.4 6.81±0.06 0.51(27) 

0.8±0.4 8.48±0.41 

TB 2.33±0.04 8.68±0.22 <21.9 3.31±1.25 0.68±0.09 6.1±0.5 6.82±0.05 0.46(27) 

0.7±0.3 8.48±0.37 
a: Models for the soft component . PL - Power-Law; TB - Thermal Bremsstrahlung; BB - Black 

Body. b: In unit of 10- 4 photons s- 1cm- 2 keV- 1
• c: In unit of keV. d: In unit of cm-2 . e: In unit 

of 10-2 photons s- 1cm-2 . 

energies. Therefore, although modulation amplitude of EX Hya shown in figure 5.3 and 

5.4 is qualitatively similar to the other intermediate polars, its spin modulation properties 

are completely different from the other Group-1 intermediate polars. Taking tllis point into 

account , we will discuss the accretion pole geometry of EX Hya in detail in chapter 6. 

5.3.4 Spin-modulated Components of Group-2 Sources 

Group-2 sources are composed of H0538+608, El405--451, FO Aqr, AO Psc and RE0751+14 

whose spin-phase average spectra cannot be fitted with Model-l. A clue to understanding 

the spectra of these sources exists in the SC-ratio. As seen in figure 5.9, the SC-ratio of 

the Group-2 sources becomes flatter in higher energies as in the Group-1 sources, which 

indicates the existence of a hard component invariant in shape with spin phase as found in 

the Group-1 sources. This is consitent with the fact that the residuals of the fits to the spin

phase average spectra of Group-2 sources with Model-l exist mainly in lower energy bands 

(subsection 5.2.3). According to the results in subsection 5.2.4, this component can naturally 

be identified with the optically thin thermal bremsstrahlung component above lOkeV. 

The SC-ratio of Group-1 sources monotonically increases in polars or decreases in inter

mediate polars with decreasing energy, especially for EF Eri and 3A0729+ 103, corresponding 

to the difference in hydrogen column density. This is the same in the Group-2 sources down 

to at least ~5keV. It is, however, clearly seen that their SC-ratios flattens below ~5keV, 

particularly in E1405-451, FO Aqr and AO Psc, which suggests the existence of another 

component in lower energies. 

Therefore, we have attempted to fit the observed spectra of the Group-2 sources with a 

spectral model composed of two continua. We temporally exclude AM Her since its SC-ratio 

decreases monotonously in higher energy band, significantly different from other sources. It 

will be treated separately in section 5.6. As have already been established, the hard campo-
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nent is represented by thermal bremsstrahlung. On the other hand, we have no information 

about the shape of the soft component. Therefore, we temporarily adopt Boltzmann function 

as representing the spectrum of the soft component. We take the photoelectric absorption 

into account only for the hard component since Boltzmann function itself have enough de

gree of freedom. As before, we include a -Gaussian line representing the iron emission line. 

In order to attain stable fitting, we fix the temperature of thermal bremsstrahlung to that 

determined in subsection 5.2.4 using the data above lOkeV. 

From the statistical point of view, we have first fitted the pulse-peak spectra with this two 

continuum model. Results are summarized in table 5.7. The fits are on the average good with 

Table 5.7: Spectral fit parameters with thermal bremsstrahlung plus Boltzmann function for 

the pulse-peak spectra of the Group-2 sources. 

Source Continuum Iron line X~ 
Norm. a. Temp.<= logNH d lnt .e Energyc (d.o.f.) 
Norm. a. ab Temp.c 

H0538+608 0.56±0.01 39.61 22.21±0.03 1.5±0.1 6.57±0.06 1.50 
0.09±0.01 1.58±0.11 28.1±16.3 (24) 

E1405-451 0.23±0.02 16.91 23.21±0.07 1.5±0.21 6.71±0.08 1.11 
0.18±0.01 1.28±0.04 25.9±6.2 (29) 

FO Aqr 0.87±0.02 33.91 23.11±0.03 2.0±0.2 6.48±0.09 0.67 

0.31±0.02 1.72±0.10 13.9±5.7 (30) 
AO Psc 0.75±0.15 13.91 22.66±0.11 2.5±0.3 6.73±0.07 0.65 

0.41±0.17 1.60±0.67 12.4±13.7 (25) 
RE075l+14 0.48±0.21 20.41 23.60±0.10 1.7±0.3 6.70±0.10 1.06 

0.46±0.17 1.42±0.32 19.3±21.1 (19) 
Parameters of the continuum listed in the first row and the second row represents those of thermal 
bremsstrahlung (hard component) and Boltzmann (soft component) , respectively. Each superfix means 
that; 

a: In unit of I0- 4photons s- 1 cm- 2 keV- 1. 

b: Photon index. 

c: In unit ofkeV. 

d: In unit of cm- 2 . 

e: In unit of 10-2 photons s- 1 crn- 2 . 

f: Fixed at the values in table 5.4. 

resultant photon index ranging from 1.3 to 1. 7 for the Boltzmann component, although its 

temperature is not constrained well. This photon index suggets that the soft component also 

has a shape similar to thermal bremsstrahlung spectrum. Therefore, we substitute another 

thermal bremsstrahlung model for Boltzmann function and perform spectral fitting for pulse

peak spectra again with this two component model. This time we take the photoelectric 

absorption also for the soft component. Results are summarized in table 5.8, where we find 

that the fits remain reasonablly good. As the temperature of the newly introduced thermal 
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Table 5.8: Spectral fit parameters with two thermal bremsstral1lung continuum model for 

the pulse-peak spectra of the Group-2 sources. 

Source Continuum Iron line X~ 
Norm. Temp. logN, Int. Energy (d.o.f.) 

Norm. Temp. 

H0538+608 0.33±0.10 39.6' 22.50±0.18 1.5±0.2 6.57±0.07 1.41 

0.30±0.10 29.6±6.6 < 22.3 (24) 

E1405-451 0.20±0.02 15.9' 23.19±0.09 1.5±0.2 6.71±0.08 1.13 

0.20±0.01 33.4±10.5 <23.5 (29) 

FO Aqr 0.75±0.03 33.9' 23. 18±0.03 2.0±0.3 6.46±0.09 0.72 

0.25±0.02 17.3±4.9 <21.9 (30) 

AO Psc 0.55±0.21 13.9' 22.74±0.18 2.5±0.3 6.72±0.07 0.63 

0.44±0.21 11.3±2.5 <22.4 (25) 

RE0751+14 0.44±0.21 20.4. 23.63±0.15 1.7±0.3 6.69±0.09 1.02 

0.39±0.03 18.0±16.3 2o.o• (19) 
Parameters of the continuum listed in th e first row and the second row represents those of the hard compo

nent (more-absorbed) and the soft component (less-absorbed), respectively. As for the label of each column, 

refer to table 5. 7. 

a: Fixed at the values listed in table 5.4. 

b: Fixed since energy band below 4keV is discarded because of solar X-ray contamination . 

bremsstrahlung component, though not constrained very well, does not differ drastically from 

that of the hard component, we have no strong reason to distinguish temperatures of the 

two continuum components if we take into account also the error of the temperature of the 

primary component listed in table 5.4. We have thus attempted to fit both the pulse-peak 

and the pulse-bottom spectra with a model including two thermal bremsstrahlung continua 

with common temperature but their normalizations set free. We take the photoelectric 

absorption into account only for one component since we have obtained only the upper limit 

of N H for the soft component in table 5.8. We also include a Gaussian line represinting the 

iron line emission. Tltis model is so-called "leaky absorber model". The best fit parameters 

with leaky absorber model are summarized in table 5.9. 

It should be remarked that the pulse-bottom spectrum of H0538+608 and El405-451 

can be fitted with Model-l; that is, the spectra does not require two separate values of NH. 

The best fit parameters with Model-l are also listed in table 5.9. Among them, it is likely 

that the fit to El405-451 with Model-l becomes acceptable simply due to poor statistics, 

for the best fit temperature obtained with Model-l is higher than that obtained with leaky 

absorber model, which is due to the flattening of the spectrum caused by the coexistence of 

absorbed and non-absorbed components . On the contrary, we believe that it is not necessary 

to introduce leaky absorber model for the pulse-bottom spectrum of H0538+608 since the 
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Table 5.9: Best fit parameters with Leaky absorber model for pulse-peak and pulse-bottom 
spectra. 

Source Continuum Iron line 
Norm.-1 .. Temp.c logN, d Int.e Energy< E.W. 1 X~ 
Norm.-2b CF • (d.o.f) 

H0538+608 

peak 0.36±0.06 34.6± 3.4 22.46±0.16 1.5±0.2 6.56±0.07 360± 60 1.36 
0.27±0.07 57± 8 (25) 

bottom 0.11±0.10 24.9± 5.4 22.40±0.85 0.4±0.2 6.55±0.27 210±110 1.03 
0.18±0.11 38±26 (25) 

(Model-l) 0.29±0.01 26.1± 4.1 21.82±0.16 0.4±0.2 6.54±0.25 0.99 

(26) 
El405-451 

peak 0.22±0.06 20.9± 6.0 23.19±0.16 1.5±0.2 6.71±0.09 660±130 1.08 
0.19±0.01 54± 7 (30) 

bottom 0.08±0.06 17.2± 5.3 23.81±0.29 0.5±0.2 6.79±0.26 530±240 0.94 
0.14±0.08 36±22 (23) 

(Model-l) 0.15±0.01 32.5±13.3 < 22.0 0.6±0.2 6.77±0.26 0.85 

(24) 
FO Aqr 

peak 0.77±0.Q7 27.4± 4.5 23.17±0.06 2.0±0.4 6.47±0.10 350± 70 0.67 
0.23±0.D2 77± 2 (31) 

bottom 0.59±0.09 35.2±13.7 23.50±0.07 1.6±0.3 6.62±0.10 490±110 1.18 
0.12±0.01 83± 2 (31) 

AO Psc 

peak 0.65±0.06 12.8± 1.0 22.67±0.13 2.5±0.3 6.72±0.07 510± 80 0.61 
0.33±0.08 66± 6 (26) 

bottom 0.51±0.07 16.7± 3.7 23.04±0.11 1.9±0.4 6.64±0.11 600±140 0.93 
0.12±0.03 81± 4 (26) 

RE0751+14 

peak 0.41±0.18 20.1± 7.7 23.62±0.18 1.7±0.3 6.68±0.09 460±110 1.01 
0.39±0.03 51±11 (20) 

bottom 1.04±0.70 8.9±2.7 23.89±0.10 0.6±0.3 6.50±0.29 190±130 0.93 
0.38±0.04 73±13 (20) 

a: Normalization of the component with photoelectric absorption in unit of 10 2photons s 1 em 2 keV 1 . b: 
Normalization of the component without photoelectric absorption in unit of 10-2 photons s- 1 cm-2 keV- 1• 

c: Temperature in unit of keV. d: Hydrogen column density in unit of cm-2 . e: Line intensity in unit of 
photons s- 1 cm- 2 . f: Line equivalent width in unit of eV. g: Covering Fra.ction in units of%. See text for 
definition. 

best fit temperature obtained with Model-l is almost the same as that obtained with leaky 

absorber model. 

We also summarize spectral parameters, which characterize spin modulations of the hard 
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Figure 5.12: Comparison of spectral parameters between the pulse-peak and the pulse

bottom. Polars and intermediate polars are indicated with circles and squares, respectively, 

and Group-1 sources and Group-2 sources are represented with open and filled symboles, 

respectively. 

X-ray intensity, in the pulse-peak and the pulse-bottom of both Group-1 and Group-2 sources 

in figure 5.12. Polars and intermediate polars are indicated with circles and squares, respec

tively, and Group-1 and Group-2 are represented with open and filled symbols, respectively. 

From table 5.9 and figure 5.12, we see that the temperature does not differ significantly 

101 

90 
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between the pulse-peak and the pulse-bottom for E1405-451, FO Aqr and AO Psc, in agree

ment with the properties of the Group-1 sources. The temperature of the pulse-peak and 

the pulse-bottom are, however, different at the 90% confidence level for H0538+608 and 

RE0751+14. We have fitted their pulse-bottom spectra with the leaky absorber model with 

temperature fixed at the value of pulse-peak spectrum. Resultant reduced x2 values are 

between 1.2 and 1.3 for both spectra, which means marginally acceptable. Therefore, the 

temperatures may be different between the pulse-peak and the pulse-bottom in H0538+608 

and RE0751+14, although not conclusive. Notice that this difference is difficult to be recog

nized in SC-ratio (figure 5.9) for H0538+608 since temperatures in the pulse-peak and the 

pulse-bottom are more than 20keV. The temperature difference of RE0751+14 is marginally 

revealed in SC-ratio as a slight decline in higher energies , although statistics are poor. 

For the other three sources, E1405-451 (polar) , FO Aqr and AO Psc (intermediate polar), 

the temperature does not change between the pulse-peak and the pulse-bottom as is the case 

for all the Group-1 sources. We have again tried to fit the pulse-bottom spectra of them 

with leaky absorber model with the pulse-peak temperature. Reduced x2 values of them are 

between 0.8 and 1.0. 

To discuss the amount of absorption for Group-2 sources, we have to examine "Covering 

Fraction" (CF), defined as the ratio of the normalization of the absorbed component to the 

sum of the normalizations, as well as hydrogen column density. Both CF and hydrogen 

column density are larger in the pulse-bottom in two intermediate polars, FO Aqr and 

AO Psc, as indicated from table 5.9. Even for the sources in which these parameters are not 

well constrained, SC-ratio in lower energies shown in figure 5.9 now indicates the amount 

of absorption, since no extra soft component is found from spectral fitting. Therefore, the 

amount of absorption is larger in the pulse-peak phase in two polars, H0538+608 and E1405-

451. 

Sum of normalizations of the two continua, which is proportional to the emission measure 

as described in subsection 5.2.2, is modulated in H0538+608 and E1405-451 like in the 

Group-1 polar, EF Eri. It is, however, modulated also inFO Aqr and AO Psc in such a way 

as it is larger in the pulse-peak, which is unlike in Group-1 intermediate polars. Although it 

is not so large as in polars, there is energy-independent modulation in Group-2 intermediate 

polars. 

We conclude that characteristics of intensity spin modulation of Group-2 sources are 

essentially the same as those of Group-1 sources, except that the absorption characteristics 

of the Group-2 sources require more than a single value of N H. In addition, a temperature 

difference between the pulse-peak and the pulse-bottom was detected from H0538+608 and 

RE0751+14, and there is a change in normalization between the pulse-peak and the pulse

bottom in two intermediate polars, FO Aqr and AO Psc. 

Finally we remark on the pulse-peak spectrum of H0538+608. As shown in table 5.9, the 

fit to the pulse-peak spectrum of H0538+608 with the leaky absorber model is marginally 

acceptable. The fit is, however, significantly improved by introducing ionization of iron, 
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which will be described in detail in section 5.4. 

5.3.5 Summary of Spin-modulation Properties 

As seen from figure 5.12, characteristics of hard X-ray spin modulation in polars and inter

mediate polars are summarized as follows. 

1. Spin modulation of the hard X-ray intensity in polar is caused mainly by the change of 

normalization of the continuum, which is proportional to the emission measure (EM) 
as mentioned in subsection 5.2.2, and a little decrease in the modulation amplitude in 

lower energies is due to larger photoelectric absorption in the pulse-peak phase. 

2. Spin modulation of the hard X-ray intensity in intermediate polar is caused mostly by 

the change in photoelectric absorption with spin phase. Although there is a change also 

in continuum normalization in EX Hya and Group-2 intermediate polars, the fractional 

change is smaller than that for polars. 

3. We have detected an evidence of temperature variation between the pulse-peak and 

the pulse-bottom phase from two Group-2 sources, H0538+608 and RE0751+14. In 

H0538+608 modulation amplitude in higher energies may be enhanced a little because 

the temperature is higher in the pulse-peak phase. 

4. In RE0751+14, although the temperature is different between the pulse-peak and the 

pulse-bottom, behaviour of NH and CF is the same as the other two Group-2 inter

mediate polars, FO Aqr and AO Psc. The sum of normalizations is not constrained 

well in RE0751+14. 

5. The spin modulation of the X-ray intensity in EX Hya is caused by considerablly differ

ent mechanism from the other intermediate polars. The larger modulation amplitude 

in lower energies is caused by a soft component visible in the pulse-peak phase, not by 

photoelectric absorption . In addition , unlike other Group-1 intermediate polars, there 

is a significant change in the continuum normalization. 

As noticed (rom this summary, there is very little difference between the Group-1 and the 

Group-2 sources about the spin modulation characteristics. We conclude that Group-1, in 

which there is no, or very small, if any, distribution in the absorbing matter, is classified as 

a special case of Group-2. In chapter 6, we discuss the accretion pole geometry of MCVs 

with these observational fact. 

5.4 Re-examination of Spin-phase Average Spectra 

Given the results o( spin-phase resolved spectroscopy presented in section 5.3, in this section , 

we return to the spin-phase average spectra of the Group-2 sources. In the beginning, we 

5.4. RE-EXAMINATION OF SPIN-PHASE AVERAGE SPECTRA 81 

evaluate them with leaky absorber model. We take into account photoelectric absorption 

due to matter of solar abundances for both components, and we assume that the absorber 

is neutral. The best fit parameters are summarized in table 5.10. The fits are on the 

Table 5.10: Best fit parameters of the spin-phase average spectra of the Group-2 sources 

with leaky absorber model. 

Source Continuum Iron line 

Norm.-1• Temp.c logNH d Int.e En ergy' E .W-' X~ 
Norm.-2b logNH d (d .o.f) 

AM Her 0.65±0.02 18.1±0.4 23.20±0.03 5.1±0.2 6.70±0.03 520± 30 2.62 

1.11±0.02 < 20.9 (30) 

H0538+608(PS) 0.06±0.01 29.4±2.4 22.92±0.24 0.9±0.1 6.66±0. 10 250± 40 1.32 

0.48±0.01 < 22.0 (29) 

E1405- 451 0.17±0.02 14.7±1.3 23.41±0.08 1.0±0.1 6.78±0.08 620± 90 1.02 

0.19±0.01 < 21.8 (29) 

GK Per(Outb.) 15.7±10.8 15.5±9.5 24 .25±0.14 23 ± 7 6.61±0.17 580±320 1.16 

6.8 ± 1.2 22.99±0.09 (27) 

TV Col 0.50±0.17 24.5±3.9 22.88±0.21 2.2±0.3 6.62±0.08 430±140 1.90 

0.37±0.19 < 22.1 (27) 

FO Aqr 0.73±0.05 31.5±5.0 23.34±0.06 1.8±0.2 6.55±0.06 410± 60 1.13 

0.13±0.03 < 22.1 (30) 

AO Psc 0.54±0.02 13.7±0.6 22.91±0.03 2.2±0.2 6.64±0.05 520± 50 0.68 

0.29±0.01 < 21.8 (25) 

RE0751+14 0.30±0.15 20 .0±8.5 23.66±0.22 1.2±0.3 6.70±0.11 380±100 1.13 

0.37±0.04 22.22±0.13 (29) 

a: Normalization of the component with photoelectric absorption in unit of 10 2 photons s 1 em 2 keV l 

b: Normalization of the component without photoelectric absorption in unit of 10-2 photons s- 1 cm-2 keV- 1 . 

c: Temperature in unit of keV . 

d: Hydrogen column density in unit of cm-2 • 

e: Line intensity in unit of photons s- 1 cm-2 • 

f: Line equivalent width in unit of eV. 

average acceptable, indicating t hat the spin-phase average spectra are basically explained 

with leaky absorber model. Hydrogen column densities of the less-absorbed component of 

all the sources are so small that we have obtained only the upper limits on them except 

GK Per and RE0751+14. 

Resultant reduced x2 values indicates, however, that the fits are unacceptable for AM Her 

and TV Col, and marginally acceptable (or H0538+608. Figure 5.13 shows the results of 

the fits for AM Her and TV Col. As clearly seen from this figure, there is a clear dip

like structure around 7-10 keY especially for AM Her, which roughly corresponds to the 

iron K-edge absorption energy. The iron K-edge absorption can be identified in the raw 

spectra of El405-451 (pulse-peak), FO Aqr, AO Psc, 3A0729+103, and RE0751+14 (pulse

bottom) shown in figure 5.9 as a spectral dip around 8-10ke V. Also it is revealed that the dip 
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Figure 5.13: Spectral fit of the spin-phase average spectra of AM Her and TV Col with leaky 

abso rber model (cold absorber) . 

becomes deeper when photoelectric absorption becomes stronger as shown in the SC-ratios 

of H0538+608, FO Aqr and RE0751+14 in figure 5.9. Therefore, this spectral structure is 

likely to be attributed to the K-edge absorption of iron. The depth of K-edge absorption 

is affected by the abundances and the degree of ionization of iron. In the case of ionization, 

the position of K-edge absorption shifts to higher energies. It is thus possible that the 

cold matter of solar abundance cannot reproduce the iron K-edge absorption structure in 

individual spectra. 

Therefore, we have attempted to treat photoelectric absorption due to iron and that due 

to the other light elements separately. The model of photoelectric absorption used in leaky 

absorber model is modified as follows 

(5.11) 

where a'(E) represents the cross section of photoelectric absorption due to matter of solar 

abundance, but only the abundance of iron is set equal to zero. aFe(E) means the cross 

section of photoelectric absorption due to iron K-shell. N~ and N Fe mean column density 

of the light elements other than iron, and that of iron, respectively, converted into equiva-
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lent hydrogen column densities under the assumption of solar abundances. Eedge means the 

energy of the iron K-edge absorption . Hereafter we use notation N~ and N H as representing 

the hydrogen column density of matter of solar abundance without and with iron, respec

tively. As a result, free parameters of this new absorption model is N~, NFe and Eedge· 

The difference between N~ and N Fe. if any, represents either the partial ionization of the 

absorber or the abundance anomaly compared with that of the sun , and the value of Eedge 

represents the degree of ionization of the absorber. We apply this treatment for photoelectric 

absorption of the more-absorbed component only, since the optical depth of the iron K-edge 

absorption is so small for NH of the less-absorbed component of RE0751+14 (~ 1022cm-2 ) . 

Even for GK Per (N H ~ 1023cm-2
), major improvement of the fit , if any, is expected to come 

from photoelectric absorption of the more-absorbed component (N H ~ 1024 cm2). We remove 

photoelectric absorption from the less-absorbed component for the sources from which we 

obtain only the upper limit (see table 5.10). 

We have fitted the spin-phase average spectra with the leaky absorber model with mod

ified photoelectric absorption represented with eq(5.11). The best fits are obtained with the 

Eedge =7.lkeV (neutral iron) for E1405-451 and GK Per (outburst), and the upper limit 

to Eedge of them are 7.9keV and 7.4keV, respectively. For RE0751+14, almost the same 

reduced x2 values are obtained for all the values of Eedge in the physically meaningful energy 

range- from 7.1keV for neutral iron to 9.3 keV for hydrogen-like iron. Thus evidence for the 

ionization of the absorbing matter is not found from these three sources. We have, however, 

obtained iron K-edge energy significantly deviated from that of the neutral iron from the 

fitting of the other 5 sources. (We would like to remark that the evidence of the ionization 

of iron is not so strong for FO Aqr and AO Psc as for AM Her , H0538+608 and TV Col 

since the acceptable fits have already obtained with leaky absorber model and N~ / N Fe is 

consistent with unity). The best fit parameters of them are summarized in table 5.11. Re

sultant reduced x2 values now become less than 1.2 for all the sources. It is concluded from 

Eedge ~8keV and N~/NFe :S: 1.0 for most sources listed in table 5.11 that the absorber is 

significant ly ionized in these sources. Results of the fits of the spin-phase average spectra of 

the Group-2 sources either with leaky absorber model or leaky absorber model with modified 

absorption are shown in figure 5.14. 

However, although we have obtained acceptable fits with leaky absorber model with 

modified photoelectric absorption, resultant iron edge energies of most sources listed in 

table 5.11 exceed ~8keV. Light elements up to silicon coexisting with such an iron should 

be almost fully ionized (Kallman & McCray 1982), and N~/NFe ~ 0.1 is expected, in 

contradiction to table 5.11. Therefore, it is more natural to consider that the emission 

region is covered with another ionized absorber in which the elements other than iron is 

completely ionized as well as the neutral leaky absorber. From this point of view , we have 

tried leaky absorber model with additional ionized iron K-edge absorption. Here, cold 

absorber is composed of matter with solar abundances including iron also. On the other 

hand , we have assumed that CF of ionized iron K-edge absorption is 100%. Therefore, in 
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Table 5.11 : Best fit parameters of the spin-phase average spectra of the Group-2 sources 

with leaky absorber model with photoelectric absorption of iron and the other elements 

separately. 

Source Continuu m Iron line 

Norm.-1&. Temp.c logN;,. d logNp, d Int.c Energyc E.W.' )(~ 
Norm.-2b N;,.fNp, Eed e g (d.o.f) 

AM Her 0.88±0.10 16.9±0.9 23.39±0.05 23.72±0.08 4.1±0.4 6.64±0.04 400± 40 

1.12±0.02 0.47~~:~! 8.25±0.17 

H0538+608 (PS) 0.17±0.03 30.7±4.5 22.88±0.26 23.65±0.29 0.7±0.2 6.65±0.15 190± 60 

0.40±0.03 0.17:g:~: 8.05±0.55 

TV Col 0.54±0.05 30.0±5.5 22.96±0.11 23.68±0.17 1.9±0.3 6.54±0.09 350± 70 

0.34±o.04 0 . 19:g:~~ 8.85±0.35 

FO Aqr 0.87±0.02 26.2±4.0 23.45±0.04 23.43±0.11 1.4±0.3 6.49±0.07 320± 70 

0.12±0.Gl 1.05:g:~~ 7.55±0.22 

AO Psc 0.59±0.04 14.0±1.3 22.97±0.08 23.09±0.40 2.1±0.3 6.60±0.06 485± 60 

0.25±0.03 0. 76::~:~~ 8.25±0. 70 

a: Normalization of the component with photoelectric absorption in units of 10 2 photons s 1 em 2 keV 1 

b: Normalization of the component without photoelectric absorption in units of 10-2 photons s- 1 cm- 2 

keV- 1 • 

c: Temperature in units of keV. 

d: Hydrogen column density in units of cm-2 . 

e: Line intensity in units o f 10- 4 photons s- 1 cm- 2 • 

f: Line equivalent width in units of eV. 

g: Iron K-edge energy in units of keV. 

this treatment, the K-edge absorptions of both the ionized and neutral iron are included in 

the model. Results are summarized in table 5.12. As seen from this table, leaky absorber 

model with additional iron K -edge absorption gives acceptable fits to the observed spectra. 

The column densities of ionized iron of all the sources are significantly smaller that those 

listed in table 5.11. This is because part of the iron K-edge absorption is attributed to 

neutral iron included in the leaky absorbing matter in this model. Although the iron edge 

energies are not confined very well, they are mostly above 8keV. Therefore, we believe that 

leaky absorber with ionized iron K-edge absorption is more appropriate for the spin-phase 

average spectra of at least 4 sources, AM Her, H0538+608, TV Col, and AO Psc, and 

possibly also for FO Aqr. As the K-edge absorption energies are very high, the additional 

iron absorption probably occurs in the emission region itself or in the vicinity of the emission 

region. 

0.79 

(29) 

1.03 

(28) 

1.20 

(26). 

0.91 

(29) 

0.58 

(24) 
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Table 5.12 : Best fit parameters of the spin-phase average spectra of the Group-2 sources with 

leaky absorber model and additional ionized iron K-edge absorption with Covering Fraction 

of 100%. 

Source Continuum Iron line 

Norm.-! Temp. logNH logNp, Int. Energy E.W. )(~ 
Norm.-2b Ecd e (d.o.f) 

AM Her 0.85±0.10 17.0±1.0 23.32±0.05 23.16±0.10 4.2±0.4 6.70±0.04 410± 40 0.91 

1.13±0.01 8.6±0.2 (29) 

H0538+608 (PS) 0.16±0.03 31.9±4.6 22.73±0.29 23.04±0.24 0.7±0.2 6.65±0.14 200± 60 1.02 

0.39±0.04 8.4±0.6 (28) 
TV Col 0.53±0.04 30.7±5.8 22.89±0.12 23.43±0.16 1.9±0.3 6.59±0.10 340± 70 1.14 

0.34±0.04 9.1±0.4 (26) 
FO Aqr 0.80±0.07 29.0±4.5 23.37±0.04 22.90±0.29 1.5±0.3 6.56±0.07 330± 70 0.96 

0.13±0.Ql 8.1±0.5 (29) 
AO Psc 0.57±0.04 14.3±1.3 22.88±0.08 22.63±0.75 2.2±0.3 6.64±0.06 500± 60 0.70 

0.25±0.03 8. 5+~:~ (24) 
The meaning of each column is the same as that of table 5.11. 
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Figure 5. 14: Results of the spectral fit of the spin-phase average spectra of the Group-2 

sources either with leaky absorber model (E1405--451 and GI< Per) or leaky absorber model 

with the absorption modified with eq(5. 11 ) (AM Her and H0538+608). 
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Figure 5.14: Results ,<Df the spectral fit of th;·spin-phase aver.age ~~·tra of the Group-2 

sources either with leaky absorber model (RE0751+14) or leaky absorber model with the 

absorption modified with eq(5. 11) (TV Col, FO Aqr and AO Psc). 
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5.5 Spin-phase Spectroscopy of AM Herculis 

As mentioned in section 5.3 and 5.4, spin-phase average spectra of the Group-2 sources are 

fitted with leaky absorber model. The two components -the more-absorbed and the less

absorbed component with common temperature---- form a flat part in the SC-ratio (figure 5.9) 

in high energy range, and in some sources, also in low energy range, respectively. In AM Her, 

on t he contrary, it is difficult to find out any fl at portions in the SC-ratio, which suggests 

more drastic changes in the continuum. 

On the other hand, the spin-phase average spect rum of AM Her can be explained with the 

leaky absorber model, as is the case for the other Group-2 sources. It may thus be possible 

to evaluate spin-phase spec tra of AM Her also with leaky absorber model. Fortunately, 

AM Her is one of the brightest sources among known MCVs and has been observed for a 

long exposure time (table 4.1). Therefore, we have attempted to examine more detailed 

pulse-phase dependence of the AM Her spectrum. 

5 .5-1 SC-ratio Variations with Spin-phases 

We divide a spin period of the white dwarf into thirteen phases. The employed phase 

division is shown in figure 5. 16(a) (wi th the same phasings as figure 5.2). Phase 13 , 1 and 

2 corresponds to the pulse-bottom. T he intensities of phase 6 th ro ugh 9 are almost at the 

peak level, which are hereafter referred to as the pulse-peak. We have derived spectra of 

these 13 phases with SUD-sorting method for a background subtraction and with proper 

aspect correction, and obtained SC-ratios of the rise, the decline and the pulse-peak phases 

with the spin-phase average spect rum as a reference as shown in figure 5.15. We can identify 

a dip or a hump structure centered on ~7keV in all the panels, which is probably attributed 

to the iron emission line. As seen from the bottom panel, the SC-ratio is almost flat above 

this line structure in the pulse-peak phase, and it dec reases with decreasing X-ray energy 

below t he line structure. Therefore, it is expected that there exis ts spin modulation in 

photoelectric absorption as in other MCVs. The SC-ratios in the top two panels increase 

with decreasing X-ray energy below the line structure, which might also be attributed to the 

variation of photoelect ric absorption. However in the top two panels, the SC-ratio decrease 

with increasing X-ray energy above the line structure, which suggests the change of the 

continuum shape itself. Therefore, the spin modulation of hard X-ray intensity of AM Her 

is probably generated via variations of both photoelect ri c absorption and the temperature 

of t he emission region with t he spin phase. In the following subsections, we perform more 

detailed analysis. 
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Phase 7 I Average 

••o· 
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T 

89 

Figure 5.15: SC-ratios of the spectra of the rise, the decline, and the pulse-peak phases with 

the spin-phase average spectrum as a reference. 

5.5.2 Evaluation of Spin-phase Spectra 

To evaluate spectral change of AM Her with the spin-phase, we have first attempted to fit 

these 13 spectra with Model-l. Resultant reduced x2 values are shown in figure 5.16(b). The 

degree of freedom is 31 for all the spectra. The fit can be regarded as acceptable at 90% 

confidence level if X~ is smaller than 1.33. From this figure , Model- l gives acceptable fits to 

the spectra of phase 2, 3 and 12. 

Leaky absorber model with photoelectric absorption represented with eq(5. 11) was also 
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Figure 5.16: Variation of the spect ral parameters of AM Her with the spin-phase. 

tried for all the phases. We fixed the iron K-edge absorption energy at Eedge = 8.25keV 

wh.ich is obtained from the fit of the spin-phase average spectrum (section 5.4), and N~ 

and N Fe are set free to vary independently. We omit photoelectric absorption of the less

absorbed component since we have obtained only the upper limit from the spin-phase average 

spectrum. As seen from figure 5.16(b), leaky absorber model has been successful for most 

phases including the rise, the pulse-peak and the decline phases. 

However, the fits are not improved significantly for phase 1 and 13 which correspond to the 
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pulse-bottom phase. Figure 5.17(a) shows the result of Model-l fit to the summed spectrum 

of phase 1 and 13. As clearly seen, there remains systematic residual in energy band below 

~5keV, reminiscent of the pulse-peak spectrum of EX Hya. Therefore, we have attempted 

to fit the summed spectrum with Model-l plus either power-law, thermal bremsstrahrung, 

or blackbody. The result of the fit with thermal bremsstrahlung as a soft component is 

shown in figure 5.16(b), and obtained best fit parameters with all these models are listed 

in table 5.13. The summed pulse-bottom spectrum can, as in the pulse-peak spectrum of 

Table 5.13: The best fit parameters of the pulse-bottom phase spectrum of AM Her. 

Model Thermal Brem. Soft Comp. Iron line X~ (d.o.f.) 
Norm. a. Temp.b logNH c Norm ... "d lnt.e Energyb 

Model-l 0.32±0.01 8.0±0.5 < 21 0.8±0.2 6.59±0.13 5.01(31) 

TB+PL 0.26±0.01 11.8±1.0 21.7±0.3 3.0±0.5 5.3±0.2 0.8±0.1 6.51±0.12 1.02(29) 

TB+BB 0.28±0.04 10.8±1.9 21.8±1.2 20±10 0.29±0.06 0.8±0.2 6.53±0.14 0.99(29) 

TB+TB 0.27±0.01 11.2±0.9 21.6±0.4 4.4±0.8 0.51±0.03 0.8±0.1 6.52±0.12 1.00(29) 

a: In unit of 10- 4 photons s-1 cm-2 keV- 1 • b: In unit of keV.c: In unit of cm- 2 • d: Photon ind ex. e: In 

unit of 10-2 photons s- 1 cm-2 . 

EX Hya, be represented with Model-l plus either blackbody, thermal bremsstrahlung, or 

power-law with almost the same reduced x2 values, and resultant temperature of the hard 

component is unaffected by the selection of the soft component model. The soft component 

is visible in phase 1 and 13, and we obtain no evidence of its existence, for example, in phase 

2 with almost the same source intensity level as phase 1 (figure 5.16(a)). Origin of the soft 

component is discussed together with that of EX Hya in chapter 6. 

Based on the discussion above, we use leaky warm absorber model for phase 4 through 

12, Model-l for phase 2 and 3, and Model-l plus thermal bremsstrahlung for phase 1 and 

13. Temperature of the soft thermal bremsstrahlung is fixed at the value obtained from the 

fit of the summed spectrum, 0.5lkeV. Resultant best fit parameters with these models are 

illustrated in figure 5.16(c)-(h). Hydrogen and iron column densities at the phases for wh.ieh 

leaky absorber model is applied are those of the absorbed component, and hydrogen column 

densities at the other phases are those of thermal bremsstrahlung continuum. 

5.5.3 Spin-modulated Components 

As shown in figure 5.3, the intensity spin modulation of AM Her is characterized by the large 

energy independent modulation amplitude. In addition as seen from figure 5.16, hydrogen 

column density and C Fare larger in the pulse-peak, which reduces the modulation amplitude 

a little in lower energies. Therefore, AM Her shares the common properties of the intensity 
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Figure 5. 17: Spectral fit of the pulse-bottom spectrum of AM Her. (a) Model- l (X~= 5.01) . 

(b) Two thermal bremsstrahlung continua with iron line (X~= 1.00) . 

spin modulation among polars. The small dip around </>= 0.6 is, as pointed out in section 5.1, 

attributable to photoelectric absorption since CF shown in figure 5.16(d) takes the larges t 

value at the phase of the dip. 

Nevertheless, there are following reasons which make SC-ratio of AM Her significantly 

different from that of the other polars; (1) as explained in the previous subsection in detail , 

there is a soft component in the pulse-bottom phase, which reduces modulation amplitude in 

lower energies; (2) temperature is higher in the pulse-peak, which enhances the modulation 

amplitude in higher energies. We would like to remark on the second point. As the magnetic 

field of the white dwarf is phase-locked in the binary system in polar, a.ccretiong matter is 

expected to farour the pole pointing to the secondary star. Therefore, it is possible that tem

perature modulation in figure 5.16( c) is generated through partial eclipse of a single accreting 

pole, and therefore , the observed t emperature modulation may suggest the inhomogeneity 

of the single emission region. If this is the case , it can be used to test various theoretical 

models of the hard X-ray emission region so far presented (chapter 2) . In chapter 6, this 

point is further investigated by taking the geometrical constraint into consideration. 
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5.6 Iron Line Emission from MCVs 

5.6.1 Iron Line Emission Processes 

The electron transitions between K-shell and the other shells in iron are the most predom

inant line emission process in hard X-ray energy band above 2keV, which is observed from 

various kind of sources- normal star binaries, neutron star binaries, supernova remnants, 

clusters of galaxies, Seyfert galaxies etc.- as well as CVs. Among various lines, the strongest 

emission line is generated through the electron transition from L to K-shell, which is usually 

referred to as 1(,, line, followed by ]( p line due to the transition from M to K -shell . In 

figure 5.18, we show the center energies of Ko and Kp lines of iron as a function of the 

ionization state. As noticed from this figure, we can infer the degree of ionization of the 
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Figure 5. 18: Iron line center energies as a function of the ionization state (Makishima 1986). 

iron line emitter by measuring the line center energy. Another important information comes 

from the equivalent width of the line, which is defined as the ratio of the line intensity to the 

continuum intensity per unit energy interval at the line center energy. Equivalent width is 

more useful than the line intensity itself since it is independent of the distance to the source 

wh.ich sometimes contains a large uncertainty. 

K-shell ionization of iron is caused by the collision with high energy particles or the X

ray irradiation. The iron line emissions from an optically thin plasma in thermal collisional 

equilibrium have been presented by a number of authors (for example Masa.i 1984, 1991, 

Makish.ima 1986, Tsunemi et a/. 1986, Okumura et a/. 1988). In figure 5.19, we show the 

degree of ionization of iron and expected equivalent width of the emission line as a function 

of plasma temperature. As shown in figure 5. 19 (left panel), the most dominant ionization 

species is FeXXV, the helium-like iron, for plasmas with temperatures of a few keV. For hotter 

plasma, Fe XXVI, the hydrogen-like iron cannot be neglected. FeXXV a nd FeXXVl emit ](a 

lines with energies 6.70keV and 6.97keV, respectively. 
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On the other hand, K-shell ionization with the X-ray irradiation is investigated by Kall

man & McCray (1982) (see also Krolik & Kallman 1984). Assuming thermal bremsstrahlung 

with temperature of JOkeV as the illuminating X-ray source, they concluded that the ion

ization state of optically thin irradiated gass is determined solely with so-called ~parameter 

defined as~= Lx /nHr2, where Lx /r2 means the X-ray flux at the position of the irradiated 

matter , and nH is the number density of hydrogen of the irradiated gass. In figure 5.20(a), 

we show the ionization stale of iron as a function of~ (Kallman & McCray 1982). If we take 

a typical condition around a MCV, i.e. Lx ~ 1033erg s-1
, nH ~ 1015cm-3

, and r ~ l08cm, 

we obtain ~ ~ 102 . Therefore, the ionization state of iron atoms in the X-ray irradiated 

gas is expected to be less that FeXX from figure 5.20, and hence the fluorescent iron lines 

should appear at ~6.4keV (from figure 5.18). This energy can be distinguished with the 

LAC from the ~6.7-6.9keV iron line from thermal plasmas with kT > lOkeV. Inoue (1986) 

have calculated expected equivalent width of iron Ka line emission via fluorescence from cold 

gas irradiated by X-ray as a function of hydrogen column density of irradiated gass. Results 

are shown in figure 5.20(b). He has assumed a power-law spectrum with photon index of 
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Figure 5.19: Ionization slate distribution as a function of plasma temperature (Makishima 

1986) , and expected equivalent width of iron line (Masai 1991) from thermal collisional 

equilibrium plasma with solar abundances. 

1.1 as an incident X-ray spectrum, and derived equivalent width in various geometries of 

irradiated matter as shown in figure 5.20. One general consequence is that the equivalent 

width should be strongly correlated with the column density of the absorber, NH, since the 

fluorescing matter is also expected to take part in photoelectric absorption. 

Therefore, we can investigate physical slate of the iron line emitter, its site, and even 

more, its geometry by measuring the line center energy and equivalent width. 

5.6. IRON LINE EMISSION FROM MCVS 95 

'-
0

~ ~nm = === = -lll :11l1! :11m I XIX 

~ ,0: L__---L_ XI I >c: 

-3.o -2.0 -1.0 o 1.0 llA.l.LU.Jz=-". o:'-'-"-'-lL.U-':3"':. o,---->-_-:4~.o----}s.o 

log !.;l 

II 

ISZ X G 

Figure 5.20: Ionization stale distribution of iron as a function of so-called ~ parameter 

(Kallman & McCray 1982), and expected equivalent width of iron line from matter irradiated 

by X-ray (Inoue 1986). 

5.6.2 Equivalent Width and Center Energy of the Iron Line 

In figure 5.21, the equivalent widths and center energies of the iron line emission obtained 

from spin-phase average spectra are plotted against the plasma temperatures. The lines 

indicate the equivalent width (Masai 1991) and line center energy (Okumura et a/. 1988) 

expected for plasma of solar abundance in an ionization equilibrium. As clearly seen from 

this figure, observed equivalent widths tend to decrease with increasing plasma temperature, 

which indicates that a significant amount of iron line emission comes from optically thin 

hot plasma. In addition , spectra undergoing stronger photoelectric absorption generally 

show larger equivalent widths than those with smaller absorption with almost the same 

continuum temperature. This fact suggests that the iron line emission via fluorescence from 

matter irradiated by X-ray also contributes significantly to the observed iron line emission. 



96 
CHAPTER 5. DATA ANALYSIS AND RESULTS 

EX H a 

o log NH<22.0 
0 log NH <23.5 
e log NH <24.5 

E2003+225 

-+--

____k 
~T 
(PS) 

Figure 5.21: 
(a) Observed iron line eq11ivalent width and (b) line center energy derived from the model fitting of the spin-

phase average spectra. Circle and sq11are represent the spectra fitted well with Model-l and leaky absorber 

model, respectively. Equivalent width a.nd line center energy expected for plasma. in collisional ionization 

equiliblium are shown in each panel. 
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The contribution from cold fluoresing matter is also suggested from the following facts . First, 

as shown in the lower panel of figure 5.21 , the observed line center energies are between that 

expected from hot plasma (6.8- 6.9keV) and that expected from X-ray irradiated matter 

(6.4keV). In addtion, some sources show significantly larger line equivalent width than that 

expected only from plasma in collisional ionization equilibrium. Therefore, we conclude that 

the iron line emission from MCVs are a mixture of that from thermal plasma and that from 

fluorescing matter. 

We remark that equivalent width of EX Hya is significantly below the line of collisional 

ionization equilibrium plasma, although its line center energy is consistent with that from 

thermal plasma in collisional ionization equilibrium. As the spectrum of EX Hya undergoes 

photoelectric absorption with N H ~ 1022 , the observed iron line emission is expected to be 

purely of thermal plasma origin (figure 5.20). Therefore, it is suggested that the abundance 

of heavy elements is deficient in the accreting matter of EX Hya compared with the solar 

abundance. 

5.6.3 Spin-phase Dependences of Iron Line Parameters 

In figure 5.22, we have plotted line intensities, equivalent widths and line center energies 

of the pulse-peak and the pulse-bottom phases. In polar, the line intensity is appearently 

modulated with the white dwarf rotation, whereas EW is not . In intermediate polar , on 

the other hand, both the line intensity itself and EW show approximately no modulation. 

This is natural since the emission measure (ex continuum normalization) shows no, or little 

if any, spin modulation (section 5.3). In the three intermediate polar systems, EX Hya, 

FO Aqr and AO Psc, the lin·e intensity is a little larger in the pulse-peak phases. However 

in these sources, the continuum normalization is also larger in the pulse-peak by 10- 30% 

(subsection 5.3.3 and 5.3.4). Therefore, EW becomes almost the same between the pulse

peak and the pulse-bottom. Although not constrained very well, the equivalent width of 

intermediate polars except RE0751+ 14 tend to be larger in the pulse-bottom phases. This 

is probably caused by the increase of contribution from fluorescing iron line emission due to 

the increase of N H in the pulse-bottom phases (subsection 5.3.5). Line center energies are 

not constrained very well for a large number of MCVs. 

We remark that the line intensity and equivalent width of RE0751+14, an intermediate 

polar, show different behaviour from the other intermediate polars. As described in sub

section 5.3.3, temperatures of RE0751+14 in the pulse-peak and in the pulse-bottom are 

significantly different, which is like AM Her and H0538+608 (polars). The behaviour of the 

iron line parameters shown in figure 5.22 also resembles those of H0538+608. 

5 .6 .4 Search for Iron [{fJ Emission 

As mentioned in section 5.2.3, a clear iron K~ emission line is found in the spin-phase average 

spectrum of EX Hya, whereas acceptable fits are obtained without K p emission for the other 
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sources In this subsection we search for iron [(~ emission line from the other sources 

We have attempted to fit the observed spin phase average spectra with the best fit contin 

uum model of each spectrum (either with Model 1 leaky absorber model or leaky absorber 

model with modified absorption according to eq(5 11)) including two Gaussian lines As no 

ticed from figure 5 18 the ratio of the center energies of]{~ to I< lines vary from 110 for the 

neutral iron to 1 19 to the hydrogen like iron In this analysis the ratio of the center energies 

of I< and K~ lines is fixed at 1 15 since f{~ emission line is expected to be significantly 

weaker than f{ line and its line center energy is probably not constrained well We assume 

that both lines are narrow As a result the intensity and the center energy of I< line and 

the intensity ratio of ]{~ to ]{ lines are set free to vary as for the iron line parameters In 

table 5 14 we summarize the results of two line fits to the observed spin phase average spec-
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tra. For comparison, we also show the results of single line fits. We have obtained evidence 

Table 5.14: Results of the fits including iron I<~ emission line. 

Source Model• Single line Two lines 
Intb Energyc X~ Int." Energye Kft/Ko ( 

X~ 
AM Her LWA 4.1±0.4 6.64±0.04 0.77{30) 4.2±0.4 6.65±0.06 0.12±0.07 0.85{29) 

EF Eri('88) MD! 2.1±0.2 6.76±0.07 1.06(32) 2.1±0.2 6.72±0.09 <0.22 1.04{~1) 

EF Eri('91) MDI 1.6±0.2 6.71±0.09 1.06{32) 1.4±0.3 6.55±0.14 0.37±0.20 0.78{31) 

H0538+608(PS ) LWA 0.7±0.2 6.65±0.15 0.99{29) 0.7±0.2 6.56±0.25 <0.63 0.90{28) 

H0538+608(FS) MDI 1.1±0.2 6.59±0.10 0.81{26) 1.1±0.2 6.59±0.10 < 0.20 0.81{25) 

El405-451 LCA 1.1±0.2 6.78±0.08 0.96(30) 1.1±0.2 6.77±0.08 <0.08 0.97{29) 

GK Per(Qui) MD! 0.7±0.2 6.49±0.24 0.74{29) 0.6±0.3 6.42±0.41 <0.79 0.90{28) 

GK Per(Otb) LCA 23± 7 6.61±0. 17 1.16{27) 23± 6 6.61±0.17 <0.07 1.16{26) 

TV Col LWA 1.9±0.3 6.54±0.09 1.16{27) 1.9±0.1 6.58±0.05 <0.08 1.16{26) 

EX Hya MDI 5.6±0.1 6.82±0.04 1.77(32) 5.4±0.3 6.75±0.05 0.15±0.07 1.15{31) 

FO Aqr LWA 1.4±0.3 6.49±0.07 0.87{30) 1.5±0.3 6.53±0.11 <0.29 0.96{29) 

AO Psc LWA 2.1±0.3 6.60±0.06 0.56(25) 2.1±0.3 6.57±0.10 <0.27 0.58{24) 

3A0729+103 MDI 1.0±0.2 6.50±0.10 1.12(32) 0.9±0.2 6.34±0.17 <0.51 1.10{31) 

RE0751+14 LCA 1.2±0.3 6.70±0.11 1.13{29) 1.2±0.4 6.66±0.16 <0.35 1.15(28) 
a: Best fit model for each s p ectrum. MDI -Model-l· LCA- Leak\ Cold Absorber; LWA- Leaky Warm y 

Absorber. b: Line intensity of the iron line in unit of 10- 4 photons s- 1 cm-2 • c: Line center energy of the 

iron line in unit of keV. d: Line intensity of the iron [(0 line in unit of 10- 4photons s- 1 cm- 2 • e: Line 

center energy of the iron I< a line in unit o f keV. f: Intensity ratio of I<p to [(01 lines. 

of]{~ emission line from AM Her an-d«EF Eri('91) as well as EX Hya. The obtained ](~line 

intensity of EX Hya is (0.8 ± 0.4) x 10-'phs s-1cm-2 , in agreement with the value listed in 

table 5.3. According to Okumura eta/. (1998), the intensity ratio of I<~ to Ko emission lines 

from plasma in collisional ionization equilibrium with temperature above 10keV is expected 

to be 0.15-{}.2. On the other hand, in the case of I<-shell ionization of cold iron by X-ray 

irradiation, the ratio becomes~ 0.12. Therefore, the intensity ratios obtained for AM Her 

and EF Eri as well as for EX Hya are reasonable. For the other sources, we have obtained 

crude upper limits for I<~ emission line, and they are mostly consistent with the theoretical 

prediction. Observations with detectors with a sufficient energy resolution is necessary to 

further investigate I<~ emission line from MCVs. 

Finally we remark that the center energies, intensities, and resultant equivalent width 

obtained with single line fits can be regarded as those of iron I< 0 emission line except EX Hya, 

since the line center energies and the intensities are not different between the two models 

within statistical errors as seen from table 5.14. 
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Chapter 6 

Physics Interpretations of MCVs 

6.1 Continuum Emission 

6.1.1 Origin of the Hard X-ray Emission 

As described in section 5.2.3, spin-phase-average spectra of Group-1 sources are fitted well 

with the thermal bremsstrahlung model with iron line emissions. Even for Group-2 sources, 

the continuum spectrum favors the thermal bremsstrahlung as an underlying process rather 

than the non-thermal power-law model. Also, as mentioned in section 5.2.4, the spin

phase spectra of AM Her and H0538+608(FS) above 10keV can be fitted with thermal 

bremsstrahlung model, but not with the power-law model. These results imply that the 

hard X-ray emission of MCVs originates from a hot, optically thin thermal plasma. Ob

served plasma temperatures (10--40keV) roughly correspond to the gravitatinal energy ac

creting matter made of solar abundance gains on the surface of the white dwarf surface. This 

strongly suggests that the plasma is formed through the standing shock wave in the accre

tion column near the white dwarf surface. This picture has been, as mentioned in chapter 2, 

proposed by a number of authors (Hoshi 1973; Aizu 1973; Fabian, Pringle & Rees 1976; 

Katz 1977; Frank, King & Lasota 1983; Imamura & Durisen 1983; see also Lamb 1985 and 

reference therein). Observationally, evidence of optically thin thermal spectra was obtained 

only from AM Her (Rothschild et a/. 1981) and EF Eri (White 1981) with the HEAO-A2 

and A4 experiments. Ginga observations strongly suggest that the optically thin thermal 

emission is a common feature among MCVs. 

In table 6.1, we summarize observed flux and luminosity for each source in 1.2- 37.4keV 

band. The hard X-ray luminosity is calculated with the following equation. 

L = 641!" fi~J kT2C~::::n.z2nz V) , 
3 V 2 m.c h m. c z 

(6.1) 

where Vis the volumn of the emission region and n. and nz are the densities of electron and 

ion with the electric charge of Z, respectively. The quantity in the parenthesis is so-called 

the "emission measure (EM)" . EM is calculated with the observed flux if the distance to 

the source is known. 

101 
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Table 6.1: Parameters necessary to determine the size and density of the emission region. 
Source distancea. fiuxb luminosityc Source distancea. fluxb luminosityc 

Polars Intermediate Polars 
AM Her 75 

EF Eri('88) > 100 

('91) 

H0538+608(PS) 

(FS) 

E1405-451 86 

E2003+225 > 400 

1.94 

1.25 

0.93 

0.80 

1.02 

0.32 

0.23 

1.32±0.26 GK Per(Qui) 

>1.50 (Otb) 

> 1.12 TV Col 
(0.96) EX Hya 

(1.22) FO Aqr 

0.28±0.06 AO Psc 

>4.47 3A0729+103 

RE0751+14 
Quantities in parenth eses are derived by assuming a distance of lOOpc. 

a; In units of pc. 

b: In units of 10- 10erg s- 1cm-2 in 1.2-37.4keV. 

c: In units of 1032 erg s- 1 in 1.2- 37.4keV. 

6.1.2 Masses of the White Dwarfs 

525 0.56 

525 10.5 

160-500 1.13 

6().190 1.43 

200-640 0.97 

100-750 0.72 

800~ijg 0.46 

0.64 

18.4 ±3.7 

350±160 

3.4&-34.0 

6.19-62.1 

4.6&-47.9 

0.86-48.5 

35.0~~27' 
(0.76) 

Since we have establi shed the existence of hot plasma generated by a standing shock near 

the white dwarf surface, it is now possible to estimate the mass-to-radius ratio of the white 

dwarf from the plasma temperature. The state of gass below and above the shock is related 

with R.ankine-Hugoniot relations. Under the assumption of the strong shock and T = 0 in 

the preshock region, the postshock temperature Ts is expressed with the pre-shock velocity 

as 
3 2 

kTs = 
16 

/lffiHV . 

Assuming free fall accretion onto the white dwarf, we obtain 

(6.2) 

Here, we have assumed that the shock occurs just on the surface of the white dwarf. M 

and R mean the mass and the radius of the white dwarf, and mH means the mass of hy

drogen. 11 represents the mean molecular weight, 0.62, for matter with the solar abundance. 

Furthermore if we employ the standard mass-radius relation of the white dwarf 

the mass of the white dwarf is estimated as 

( kTs )3!• M = 0.45 -k- M0 . 
20 ·eV 

(6.4) 

In table 6.2, we summarize the mass of the white dwarfs derived from this equation. For the 
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Table 6.2: Masses of the white dwarfs determined with eq(6.4). 

Source Used• Temperature Mass Source Used• Temperature Mass 

spectrum (keY) (M0) spectrum (keY) (M0) 

Polars Intermediate polars 

AM Her p 21.2±1.6 0.44 GK Per A 32.0±6.1 0.55 
EF Eri A 16.9±0.6 0.39 TV Col A 30.0±5.5 0.52 

H0538+608 p 34.6±3.4 0.63 EX Hya A 8.9±0.2 0.24 

E1405- 451 A 14.7±1.3 0.33 FO Aqr A 26.2±4.0 0.49 

E2003+225 A 41.9±8.4 0.66 AO Psc A 14.0±1.3 0.32 

3A0729+103 A 28.9±5.8 0.50 
RE0751+14 p 20.1±7.7 0.31 

a: P - pulse-peak spectrumj A -spin-phase ave rage spectrum. 

sources which show different temperature between the pulse-peak and the pulse-bottom in 

spin-phase spectral analysis , we have adopted the higher temperature. 

It should be remarked , however , that the masses obtained with this method give only 

the lower limits since, 

(a) the shock may not always occur just on the surface of the white dwarf. According 

to the standard model for the hard X-ray emission region (for example Aizu 1973) 

the shock height is estimated to be of order 0.1R. 

(b) the post shock plasma may cool down as it descends the accretion column via 

radiation, electron conduction etc. It is possible that we observe somewhat cooled 

part of the emission region. 

As noted in subsection 2.2.2, Mukai & Charles (1987) derived the mass of the white 

dwarf in AM Her and E2003+225 as 0.99M0 and 0.58M0 , respectively with typical error of 

0.2M0 . Our mass lower limits are consistent with their values. 

6.1.3 Scale and Density of the X-ray Emission Region 

Since we have obtained the temperature of the emission region, we can evaluate the emission 

measure (EM) (see eq(6.1)) if the distance to the source is known. This gives a constraint 

between the size and the density of the hard X-ray emission region. Another constraint 

comes from iron column density estimated from the depth of K-edge absorption. 

(6.5) 
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Table 6.3: Parameters necessary to deter

mine the size and density of the emission re

ion. 

Source 

AM Her 

H0538+608{PS) 

EM • 

Polars 

0.81±0.16 

(0.40) 

logNFe b 

23.16±0.10 

23.04±0.24 

Intermediate Polars 

TV Col 
FO Aqr 

AO Psc 

1.61-15.7 23.43±0.16 

2.84-29.1 22.90±0.29 

0.60-33.9 22.63±0.75 
Quantities in parentheses are derived by assuming 

a distance of lOOpc. 

a: Emission Measure in units of 1055 cm-3 . 

b: Iron column density but converted to equivalent 

hydrogen column density under the assumption of 

solar abundances. In units of cm-2 . 

where nFe is the density of iron and I represents the length of the absorbing region along the 

line of sight. As described in section 5.4, K-edge absorption due to highly ionized iron is 

detected from five sources. Since the best fit K-edge absorption energies exceed 8keV for all 

the 5 sources, light elements such as oxygen, neon, silicon which significantly contribute to 

the low energy photoelectric absorption are completely ionized, whereas the K-shell electron 

of iron still remains (Kallman & McCray 1982). Therefore, observed K-edge absorption 

is considered to be caused by iron in the hard X-ray emission region itself, and thus I in 

eq(6.5) is equal to the length of the emission region along the line of sight. In table 6.3, we 

summarize the emission measure and the iron column density. 

The spin-phase average spectra is related to the average of I over various lines of sight. 

T herefore we may as well assume that V ~ P. We obtain, after converting nFe into nH 

assuming the solar abundance, the following relations. 

EM (6.6) 

(6.7) 

Apart from H0538+608 the distance to which is uncertain, we obtain relations of the density, 

nH, and the climension, I, of the emission region (see figure 6.1) . Although densities and 

climensions scatter in a wide range, it should be remarked that the dimension is generally 

believed to be less that the white dwarf radius, namely ~ 108cm. In figure 6.1, we have 
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Figure 6.1: The density and the dimension of the emission region of MCVs.-
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also indicated the radius corresponding to 1M0 white dwarf by the dotted vertical line. The 

hydrogen number density of the hard X-ray emission region is inferred to be 1015- 16cm-3 for 

the four MCVs. Finally, in the regime of n = 10 15 - 16 cm-2 and I ~ 108cm, Thomson optical 

depth is of order 0.1, and the free-free optical depth is of order 10-12 for the temperature of 

~10keV. These are consistent with the fact that the continuum spectrum has the shape of 

optically thin thermal bremsstrahlung. 
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6.1.4 Soft Component of AM Her and EX Hya 

In subsection 5.3.2 and 5.5.1, we have found the soft X-ray component in EX Hya and 

AM Her. Since its intensity is clearly modulated by the white dwarf rotation, it is regarded 

with high cirtainty as originat ing from near the white dwarf surface. As already described in 

those subsections, estimation of the true spectral shape is difficult because the soft component 

dominates only in a few lowest energy bins. It is consistent with various spectral models: 

blackbody, thermal bremsstrahlung and power-law. 

It is well-known that polars are generally brighter in soft X-rays than in hard X-rays 

(Osborne 1988 and references therein). The soft X-ray has a blackbody spectrum with 

temperature of a few tens of eV, and is considered to be emitted from the white dwarf 

surface. For example, the soft blackbody component with kT ~ 40eV was detected from 

AM Her (Tuohy et a/. 1979, 1981). Notice that the blackbody temperatures obtained in 

Ginga observations are an order of magnitude higher than the typical temperature of polars. 

Tlus problem may, however, be resolved by invoking inverse Compton scattering of soft X

ray photons by high energy electrons in the postshock region. It should be remarked that the 

soft blackbody component has never been found from any intermediate polars. Therefore, 

further observation of the soft component of EX Hya with a detector with sensit ivity below 

2keV (for example, ROSAT) is meaningful. 

On the other hand, since we have established that the hard component is expressed with 

thermal bremsstrahlung spectum, the soft component may be so, too. If this is the case, the 

implication is that an optically thin thermal plasma with temperature lower than the main 

emission region by two orders of magnitude is also formed on the surface of the white dwarf. 

This component will be useful to investigate the relation between the plasma temperature 

and the luminosity without being troubled by uncertainties in the distance to the sources 

or in the white dwarf masses. Anyway, further observations with a detector with good 

low-energy sensitivity is necessary to determine the spectral shape of this soft component. 

6.2 Origin of the Spin Modulation 

In this section, we attempt to understand the accretion-pole geometry of polars and inter

mediate polars using the properties of spin modulations of the X-ray intensity. The spin 

modulation of the X-ray intensity of polars is characterized by the large energy-independent 

modulation amplitude . That of intermediate polars, on the other hand, strongly depends 

upon the X-ray energy, and is caused by the variation of the amount of the photoelectric 

absorption along the line of sight. In the first two subsections, origins of these two properties 

will be understood in relation with the geometry. Based on these understandings, possible 

accretion geometries of polars and intermediate polars will be presented in the following two 
subsections. 
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6.2.1 Origin of the Energy-independent Modulation in Polars 

The spin-modulated light curve of polars , as described in section 5.1 and 5.3, is charac

terized by the large energy-independent modulation amplitude (greater than SO%). The 

energy-independent modulation can be generated either by the electron scattering or by the 

occultation of the emission region by the white dwarf. 

In the Thomson scattering regime, inhomogeneity in the electron column density of 

~ 1024cm-2 is needed around the white dwarf in order to modulate the light curve by 

~so%. The hydrogen column density is, however, far short of 1024cm-2 in the pulse-bottom 

spectra of polars. Notice that, however, the hydrogen column density can be far short of the 

electron column density if ions in the absorbing matter are highly ionized. As pointed out 

in section 5.6, there are two ways to cause the ionization; collision and photoionization by 

the X-ray irradiation. For the ionization to occur with collisions, plasma with temperature 

greater than lOkeV is required. This temperature is comparable with that of the emission 

region. Therefore, one possibility is that the electron scattering occurs within the emission 

region itself. As already noted in section 5.4, however, the iron column density of the hard 

X-ray emission region deduced from the iron K-edge feature is at most 102Hcm-2 , which 

is far short of that required. For the ionization to occur with the X-ray irradiation, on the 

other hand, hard X-ray luminosity of order 1035 erg s-1 is necessary for significant ionization 

of accreting matter (Kallman & McCray 1982) , which is also unlikely (table 6.1). 

As a result, the energy-independent modulation of polars cannot be caused by the electron 

scattering. We conclude that the energy-independent modulation of polar is generated by 

the occultion of the emission region by the white dwarf itself. This picture is consistent with 

that derived from comparision of the linear polarization light curves and the hard X-ray light 

curves as described in subsection 2.5.2. 

6 .2 .2 Origin of Photoelectric Absorption 

As the energy-independent modulation of polars is caused by the occultation of the emission 

region by the white dwarf, the accreting pole most probablly points to the observer in 
the pulse-peak phase. As already pointed out by Norton & Watson (1989), the spectra of 

most intermediate polars observed with EXOSAT undergo photoelectric absorption with the 

hydrogen column density of order of 1023cm-2 We have found that this is also the case 

in polars with Ginga observations, and the absorption is stronger in the pulse-peak phase 

than in the pulse-bottom phase. Therefore, photoelectric absorption in polars is naturally 

interpreted as due to the matter in the accretion column, and its optical depth is larger along 

the accretion column. 

As the geometry of mass accretion is expected to be essen tially the same between po

lars and intermediate polars, it is natural to consider that the photoelectric absorption in 

intermediate polars occurs also in the accretion column , and the accreting pole points to 

the observer in the pulse-bottom phase, for the photoelectric absorption is stronger in the 
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pulse-bottom phases. This picture is consistent with that drawn originally by Rosen, Mason 

& Cordova (1988) (see also Hellier et a/. 1989, 1990, 1991) , and not with King & Shaviv 

(1984); see subsection 2.5.2. We conclude that it is natural to consider that the photoelectric 

absorption of both polars and intermediate polars occurs in the accretion column, and its 

optical depth is larger along the accretion column than across it. 

6.2.3 Accretion-pole Geometry of Polars 

In polars , the mass is expected to accrete mainly a magnetic pole pointing to the secondary 

star as the magnetic field of the white dwarf is phase-locked in the binary system. As the 

hard X-ray intensity monotonically increases with the visible fraction of the volurnn of the 

emission region, the spin modulation of the X-ray intensity is caused by the eclipse of this 

mainly accreting pole. Even when mass accretion is shared almost evenly between the two 

magnetic poles, it probably proceeds along common magnetic field lines of force connecting 

the two poles. Therefore, the ecl ipse of the emission regions still plays an important role on 

the spin modulation of the hard X-ray intensity because two emission regions on the white 

dwarf surface are in general separated by an angle less than 180'. 

As described in section 5.3, temperature modulation is not significant in EF Eri and 

E1405-451. This can be interpreted that the mass accretes onto a single pole, or only one 

accreting pole is visible from the observer in EF Eri and E1405-451. On the other hand, as 

presented in section 5.3 and 5.5, significant temperature difference between the pulse-peak 

and the pulse-bottom is detected from H0538+608 and AM Her. This may be suggest the 

acc retion proceeds onto the two magnetic poles or a significant inhomogeneity in a single 

emission region. The spin modulation of the temperature is fuTther examined for H0538+608 

and AM Her separately in the next section. 

6.2.4 Accretion-pole Geometry of Intermediate Polars 

In intermediate polars, the magnetic field of the white dwarf is not phase-locked in the 

binary system. Because of this asynchronism, accreting matter is expected to be distributed 

almost evenly between two magnetic poles, and to form two equivalent emission regions 

which are separated by an angle 180' on the surface of the white dwarf. If so, the eclipse 

of the emission region(s) by the white dwarf is expected to have rather minor effect on the 

spin modulation of the X-ray intensity since the eclipse of one emission region is followed by 

the appearence of the other emission region. Alternatively, the spin modulation of the X-ray 

intensity is mainly caused by the photoelectric absorption due to matter in the accretion 

column. This naturally explains the stronger photoelectric absorption in the pulse-bottom 

phases in intermediate polars. 

As shown in table 5.5, the spin modulation of the X-ray intensity of the two intermediate 

polars, GK Per and 3A0729+103, is consistent with this picture; the normalization of the 

thermal bremsstrahlung model spectrum, which is proportional to EM, and is the measure 
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of the amount of the energy-independent modulation, is not different between the pulse-peak 

and the pulse-bottom spectra. The difference in the normalization (sum of the normalizations 

for Group-2 sources), however, amounts to 20-40% in the four intermediate polars, EX Hya, 

FO Aqr, AO Psc and RE0751+14 (table 5.5, 5.6 and 5.9) . In the next section, we will examine 

the energy-independent modulation separately for these four intermediate polars. Here we 

present some possibilities to cause energy-independent intensity modulation in intermediate 

polars. 

First, since spectra of most intermediate polars show photoelectric absorption with hy

drogen column densities of order 1023cm·2
, Thomson scattering by electrons included in 

the photoelectric absorber may contribute significantly to the spin modulation of the light 

curve (Thomson optical depth becomes of order 0.1). Second, even if two emission regions 

with almost the same mass accretion rate are separated by 180' , the total volumh of the 

emission regions becomes significanty larger when we observe the emission regions from the 

side because both emission regions are visible in this phase provided that the emission re

gions have non-negligibe height compared with the white dwarf radius. This will be referred 

to as "IP-type modulation" in the next section (IP means Intermediate Polar). Finally, if 

the mass distribution between two magnetic poles is not completely even, the eclipse of the 

mainly accreting pole causes the energy-independent modulation. This will be referred to 

as "P-type modulation" in the next -section (P means Polar). 

6.3 Accretion-pole Geometry of Individual Sources 

6 .3.1 H0538+608 

Mason et a/. ( 1990) performed extensive optical polarimetric observations of H0538+608 for 

more than 3 years. They found that, in some spin cycles, the sign of circular polarization 

changes abruptly, whereas it is unchanged in other cycles throughout . Ishida et a/. (1991a) 

found that the rise of the hard X-ray light curve occurred simultaneously with the change 

of the sign of circular polarization. This result confirms the suggestion made by Mason et 

a/. ( 1990) that there are two accretion spots on the white dwarf; one is visible throughout 

the spin cycle and radiates circularly polarized optical emission with the sign unchanged 

throughout a spin period; the other is eclisped during a part of a spin period and radiates 

polarized emission with the opposite polarity. Mass continuously accretes onto the non

eclisping spot, and the sign of polarization changes only when mass accretes also onto the 

eclipsing spot. As seen from figure 4.3, the spin modulation of H0538+608 is not persistent, 

in agreement with impersistence of alternation of the sign of the circular polarization. Also 

the observed temperature in FS (table 5.3) when mass accretes onto the non-eclipsing pole 

only, agrees with that of the pulse-bottom in PS (table 5.9) when mass accretes on the 

eclipsing spot but it is behind the white dwarf. 

From the optical polarimetry and the hard X-ray observations, and the analyses thereon, 
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we can conclude that mass accretes onto both magnetic poles in H0538+608, and the spin

modulation in hard X- rays is caused by the eclipse of the eclipsing pole only. The non

eclipsing pole continuously emits the hard X-ray. 

6.3.2 AM Her 

The temperature of AM Her appears to be modulated with the white dwarf rotation (fig

ure 5.15 and 5.16(c)). 

One possible interpretation is that all the hard X-ray emission of AM Her originates from 

a single emission region , and a part of it is visible even during the pulse-bottom phase due to 

partial eclipse by the white dwarf. In this case, figure 5.16(c) means that there is a significant 

temperature inhomogeneity in the emission region. Note that along this interpretation, the 

temperature shown in figure 5.16(c) is that averaged over the visible part of the emission 

region at a given spin phase. 

Alternatively, it is also possible that there are two accretion poles with different tern· 

peratures as in H0538+608, and mixture of emissions from the two poles changes with spin 

phase. As a matter of fact, behaviour of hydrogen column density, CF, and temperature of 

the pulse-peak and the pulse-bottom resembles those of H0538+608 in PS, in which mass 

from the secondary accretes onto two magnetic poles (see previous subsection). 

In AM Her, it is difficult to discriminate these two possibilities with the observation. 

We have, however , detected the soft X-ray component in the pulse-bottom phase. In the 

EXOSAT-LE observation (Heise et a/. 1985) , strong soft X-ray component was detected 

around the hard X-ray pulse-bottom phase when AM Her was in so-called "reverse mode" , 

in which the hard and the soft X-ray intensity modulations are anti-phased by half a white 

dwarf rotation period. This EXOSAT result can be interpreted that the magnetic field 

configuration is approximately dipolar, and the soft component is most likely emitted from 

the second accreting pole. As the soft X-ray component appears also in the hard X-ray pulse

bottom phase in the Ginga observation, its intensity can be regarded as the indicator of the 

visibility of the second emission region. If so, the hard X-ray intensity of the second emission 

region is maximally ~10% of that of the main emission region, and may be negligible in the 

phases other than 1 and 13. As a result , it is concluded that the observed temperature 

gradient is generated solely in the main emission region. 

Although we have found the temperature gradient in the emission region, however, the 

direction of it is still unclear since we do not know the shape of the emission region. For 

example, we show schematic view of two different types of emission regions in shape and the 

direction of the gradient in figure 6.2(a); one is a tall cylinder type emission region with Aizu

type temperature gradient (subsection 2.3.2), and the other is a flat, coin-shaped emission 

region with the highest temperature in the center. From geometirical considerations, it will 

be easily noticed that the expected spin modulation profile of the temperature is the same 

between these two types of the temperature gradient as shown in figure 6.2(b). 
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Figure 6.2: (a) Schematic view of the two emission regions with different temperature grar 

client and (b) the expected behaviour of the observed temperature with spin phase. 

As described in section 5.4, we have observed the K-edge absorption feature of the highly 

ionized iron from 5 MCVs including AM Her. It may be possible to infer the shape of the 

emission region by utilizing the spin-phase-dependence of the column density of this highly 

ionized iron. 

6.3.3 FO Aqr 

Detailed spin-phase-resolved analysis was performed taking advantage of our high statistic 

observation of FO Aqr. Note that AO Psc shows the change of spectral parameters between 

the pulse-peak and the pulse-bottom similar to FO Aqr, as shown in table 5.9 and figure 5.12. 

Therefore, this analysis will give hints to understand the geometry also of AO Psc. 
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Figure 6.3: Best fit parameters of spin-phase 

spectra of FO Aqr. Leaky cold absorber is 

used for all phases. The normalization is 

the sum of two continua. The phasing is the 

1.84 same as in figure 5.2. 

We have divided one spin period of FO Aqr into 6 phases, and fitted each spectum with 

leaky absorber model. Results are shown in figure 6.3. The phase divisions are shown in the 

upper left panel with vertical dotted lines. Notice that the 'dip' and the 'peak' phases are 

identical with the pulse-bottom and the pulse-peak phase used in the spin-phase spectral 

analysis in section 5.3, respectively. From this figure, it is easily understood that the energy 

independent modulation of the hard X-ray intensity cannot be explained by the electron 

scattering due to matter responsible for the photoelectric absorption, for the largest change 

of the normalization of the thermal bremsstrahlung due to the electron scattering is expected 

between the 'peak' and the 'bottom' phase since the differences of both NH and CF are the 

largest between these two phases. The flux deficit in 1.2- 5.2keV is, however, larger in the 

'dip' phase than in the 'bot tom' phase. Therefore, either P-type or IP-type modulations (see 

previous section) works at least around the 'dip' phase. 

As the photoelectric absorption is generally stronger when we observe the emission region 

along the accretion column than from the side in intermediate polars, C F shown in figure 6.3 

suggests that the emission region comes nearest to the limb of the white dwarf around the 

spin phase of 1.5- 1.6. Therefore, IP-type modulation is unlikely since the 'dip' occurs near 

the phase of minimum CF. Alternatively, we believe that accreting mass is not evenly 
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distributed between two magnetic poles, and the 'dip' occurs when at least a part of the 

mainly accreting pole moves behind the limb of the white dwarf. 

6.3.4 EX Hya 

As mentioned in section 5.3.2, larger modulation amplitude in lower energy bands of EX Hya 

is, unlike other intermediate polars, attributed to the existence of the soft component in 

the pulse-peak phase. As hydrogen column density is small throughout a spin cycle, the 

modulation amplitude of order 10% in higher energies can not be accounted for the electron 

scattering associated with preshock accreting matter. 

As in the case of FO Aqr, this energy-independent modulation is attributable to the 

self-eclipse of a single emission region from the X-ray data only. Hellier & Mason (1990) 

found from their phase-resolved optical spectroscopy, however, that , unlike other intermedi

ate polars, the width (not the velocity itself) of H -y line is modulated at the rotational period 

of the white dwarf in EX Hya, which indicates that mass accretion occurs onto to magnetic 

poles, and it is broadest in the X-ray pulse-peak phase. They conclude that the X-ray is 

emitted from both maginetic poles, and its intensity maximum occurs when we observe the 

emission regions from the side. This suggests that the energy-independent spin modulation 

of the hard X-ray in EX Hya is the IP-type modulation. 

It is well known that hard X-ray intensity of EX Hya periodically drops at the orbital 

period of 98min (figure 4.3), which is interpreted as due to the eclipse of the emission region(s) 

by the secondary star. Characteristics of this orbital eclipse in hard X-rays are investigated 

by Rosen et a/. (1991) with EXOSAT and Ginga data. They found that 

(a) the hard X-ray orbital eclipse is grazing with the eclipse fraction is ~40% above 

6keV (Rosen, Mason & Cordova 1988). 

(b) the eclipse deficit in the light curve is larger when the ecl ipse occurs at the pulse

peak spin-phase, 

(c) averaged eclipse depth above 6keV is constant at about 40% and it decreases with 

decreasing X-ray energy. 

To explain these behaviours, they thought that there are two poles separated by 1so• onto 

which mass accretes almost evenly, and only the pole on the lower hemisphere is eclipsed by 

the secondary star (point (a)). Therefore, as shown in figure 6.4, the count deficit due to 

the orbital eclipse is larger in the pulse-peak phase since the contribution of the pole in the 

lower hemisphere to the X-ray flux is maximum in this phase (point (b)). In addtion, the 

small energy dependece of the eclipse deficit is attributed to photoelectric absorption and 

the scattering of the soft X-ray from the lower pole by accretion disk (point (c)). 

As we have discovered the extra soft component, this model needs to be modified a little. 

As the soft emission component appeciable only below ~4keV in the pulse-peak spectrum, 

the energy dependence of the orbital eclipse (point (c)) is probably attributed to this soft 
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Figure 6.4: Accretion pole geometry of EX Hya during the eclipse. 

component on behalf of the accretion disk , which may be difficult to be formed in the shorter 

period system like EX Hya (Hameury, King & Lasota 1986). The soft component emitter 

is inferred to be near the accretion pole in the lower hemisphere, since the soft component 

is visible only during the pulse-peak phase. In order to explain the energy dependence of 

orbital eclipse, the soft component should not be eclipsed by the secondary. Therefore, it 

should locate near the surface of the white dwarf, reminiscent of the soft blackbody emitter 

in polar. 
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6.3.5 RE0751+14 

Unlike other intermedi ate polars, RE0751+14 shows the modulation amplitude which is, like 

polars, almost independent of the incident X-ray energy (figure 5.3). The temperature of 

the emission region is significantly different between the pulse-peak and the pulse-bot tom 

(table 5.9). The iron line intensity is also modulated with the white dwarf rotation (fig

ure 5.22). These characteristics are common with AM Her and H0538+608 in which the 

self-eclipse of the emission region plays an important role on t he spin modulation of the light 

curve. Especially, the latte r two characteristics indicates that we observe different emission 

regions between the pulse-peak and the pulse-bottom. Therefore, we conclude that the spin 

modulation of the light curve in RE0751+14 is due to the ec lipse of the emission region like 

polar. 

6.4 Iron Line Emissions 

6.4.1 Comparison of Line Parameters with Models 

As we have pointed out in subsection 5.6.2, the iron line emission of MCVs originates both 

from iron ionized by collisions in the hot plasma and from iron ionized by X- ray irradiation 

in the cold matter surrounding the emission region. In this subsection, we compare observed 

line equivalent widths and the line center energies with theoretical predictions. 

To begin with , we assume that the hard X-ray-emitting plasma is in collisional ionization 

equili brium, and we adopt the line equivalent width calculated for hot plasma shown in 

figure 5.20 in our model buildi-ng. When hard X-ray-irradiated cold matter surrounds the 

emission region with. 4r. solid angle (the case II in figure 5.21), the expected fluoresecent line 

equivalent width is represented by 

EW = 102~: 2 (eV) 

The accuracy of this formula is around 5% for values of Nu in the range of 1022 to 1024cm-2 . 

If cold matter surrounds the emission region with solid angle of n, expected equivalent width 

becomes 

(eV) (6.8) 

The expected line equivalent width is represented with the sum of these two. Estimation of 

n is, howeve , difficult , and the contribution of the white dwarf surface behind the continuum 

emission region may have also to be taken into account. For simplicity, we first neglect the 

contribution of the white dwarf surface to the line emission , and estimate n from the covering 

fraction obtained from the spin-phase average spectra. This is because the spin-phase average 

spectra is regarded as an average over observations from various directions. 

We obtain a formula representing "expected" equivalent width as a sum of those of 
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thermal plasma origin and fluorescence origin as 

EW EW,h(kT) + EWJt(NHJJ) 
!1 NH 

EW,h(kT) + 47r 102'cm-2 

EW,h(kT) + ~CF NJJ 
2 102'cm-2 

(eV) (6.9) 

Here we have used the relation CF = !1/27r. The expected Line center energy is caluculated 

as a mean of those of thermal plasma origin and fluorescence origin weighted by the expected 

equivalent width. 

The observed equivalent width and the line center energy are compared with those "ex

pected" in figure 6.5. The observed equivalent widths show reasonable agreement with the 

them, whereas the observed line center energies are systematically below the expected val

ues. There are two ways to resolve this discrepancy in the center energy. One possibility 

is to discard the assumption of collision al ionization equilibrium. In this case, the center 

energies of iron in the hot plasma become significantly lower than the equilibrium value of 

6.8- 6.9keV . Alternatively, it is also possible that CF does not give the true coverage of cold 

matter !1 well. For example, we have neglected the contribution to the iron line from the 

white dwarf surface. In the following subsections, we further examine these two possibilities. 

6.4.2 Collisional Ionization Non-equilibrium 

Once iron elements are placed in electrons abruptly heated up in the shock wave, electrons 

are st ripped off from the ou ter shell, and iron elements gradually approaches the equilibrium 

ionization distribution shown in figure 5.19. The ionization state of non-equilibrium iron 

is determined by the parameter net, where ne is the number density of electron and t is 

the time iron atoms spend in the hot electrons (Masai 1984) . Although we have derived 

ne ~ 10"- 16cm-3 in subsection 6.1.3, it is difficult to determine t because t strongly depends 

upon the height of the shock front from the white dwarf surface. Therefore, here we make the 

following assumption: iron spends relatively long time in the state of Fe+ 2< (helium-like) . 

T lus assumption is quite natural since electrons form a closed shell and there is a large gap 

between the binding energy of K-shell (~ 8.8keV; see figure 5.19) and L-shell (~!keY). This 

means the hydrogen-Like irons known to exist in the equilibrium are assumed to be in the 

helium-like state. The emissivity of the 1<0 line enussion from non-equilibrium helium-like 

iron is approximately twice as large as that of hydrogen-like iron in equilibrium at a given 

temperature (Masai 1984). We can then estimate the line equivalent width for emission from 

plasma in collisional ionization non-equilibrium. The expected line center energy is again 

caluculated as the mean weighted by equivalent widths of that of plasma origin and that of 

fluorescence origi n. 

The observed line equivalent width and center energy are compared with those estimated 

with the method above in figure 6.6. The observed line center ene rgies are now in good 

agreement with those expected compared with figure 6.5. The observed equivalent widths, 
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on the other hand, are substantially smaller than those expected from gass with solar abu n

dances. However, this may be attributed to the abundance deficit . In the case of collisional 

ionization non-equilibrium, abundance of iron should be in the range of 0.5- 1.0. 

However , collisional ionization non-equilibrium raises a serious problem related with the 

shape of the emission region. Masai (1984) have pointed out that the collisional ionization 

equilibrium is attained almost irrespective of the plasma temperature if the following relation 

is satisfied. 

(6.10) 

where ne means the electron number density and t represents the time spent by iron, which 

is at first neutral , in the hot plasma. As we have derived the density of the emission region 

to be of order 101S-I6 cm-3 , this relation poses an upper limit on the height of the emission 

region. Assuming accretion with free fall velocity, we obtain the post shock velocity of the 

flow as 

v 

(6.11) 

From this equation, we obtain the height of the emission region as 

(em). (6.12) 

Therefore, the height of the emission region is of order 10-s of the white dwarf radius. With 

this height, the iron column density becomes only of order 1020 cm-2, and it is difficult to 

generate the observed I< -edge absorption corresponding to highly-ionized iron atoms. The 

area A of the white dwarf over which mass accretion occurs poses a much more serious 

problem. 

A 
E.M. 

n~h 

2. 5.8 X 1018 ( E.M.) (~)-1 (.!!._)-1/2 (--R-)1/2 
loss 1016 M0 5.5 x 108 

(6.13) 

Then so-called fractional area, which is defined as 

A 
! = 47rR2' (6.14) 

becomes more than 1.5 for a white dwarf of 1 M0 . We conclude that collisional ionization 

non-equilibrium is unlikely. 
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Figure 6.5: Comparison of the expected line equivalent width and center energy with t hose 

expected from kT, N H, and !1. 
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Figure 6.6: Observed line equivalent widths and center energies compared with those ex

pected from fluorescence and plasma in collisional ionization non-equilibrium. 
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6.4.3 Contribution to Iron Line Emission from Cold Matter 

It is also possible that the solid angle 0 subtended by cold matter over the emission region 

cannot be estimated with C F derived from the spin-phase average spectra. For example, the 

white dwarf surface, which is neglected in the analysis in subsection 6.4.1, may substantially 

contribute to the observed iron line emission. Here we assume the collisional ionization 

equilibrium in the hot plasma and adopt the line equivalent width and the center energy in 

equilibrium value. We have caluculated the expected equivalent width of the fluorescent iron 

line emission under the condition that the expected line center energies, which is obtained 

by the mean of the center energies of the line of plasma origin and of fluorescence origin 

weighted by their equivalent widths, agree with those observed. The results are depicted in 

figure 6.7. In this case, the abundance deficit of iron scatters in much wider range of 0.2- 1.0 

• kT= 5-15keV 

o kT=l5-25keV 

o kT=25-35keV 

10 ? 
10- 103 

Expected equivalent width (eV) 

Figure 6.7: Observed equivalent width compared with those expected from plasma in colli

sional ionization equilibrium and cold matter surrouncling the emission region. 

compared with in the collisional ionization non-equilibrium case. 

A problem inherent in this picuture is, however, that a continuum component due to 
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the reflection of the hard X-ray emission by the white dwarf surface should be visible in the 

observed spectra if there is such a big deficit in iron abundance. We therefore conclude that 

the contribution of cold matter to the iron emission line via fluorescence more than expected 

from CF is also unlikely. 

6.4.4 Multi-temperature Emission Region 

In the discussions so far, we have assumed that the hot plasma in the postshock region is 

uniform. Although all the spectra of MCVs can be fitted with the thermal bremsstrahluQg 

model spectrum with a single temperature, we have found that the temperature varies sig

nificantly with the spin phase of the white dwarf in AM Her (section 5.5). Therefore, it is 

possible that the plasma temperature obtained by the spectral fitting with the single tem

perature thermal bremsstrahlung represents an average over the multi-temperature emission 

region. If so, as shown in figure 5.19, the iron line is emitted mainly from a region with 

lower temperature, and the line center energy becomes substantially lower than the value 

expected from the plasma temperature obtained by the fitting with a single temperature 

thermal bremsstrahlung. 

To examine this possibility, we have attempted to fit the observed spin-phase average 

spectra with two thermal bremsstrahlung model spectra with clifferent temperatures. In 

doing this, we deal only with Group- I sources since the spectral model adequate for Group-2 

sources (leaky absorber model) are already so complex that further detailed modeling of 

them may be meaningless. If we introduce two thermal bremsstrahlung components in the 

spectral fitting , the temperatures of these two components may not be constrained very 

well . Therefore, we adopt as a lower temperature -component a spectral model describing 

the emission from plasma composed of matter of solar abundance in thermal equilibrium 

(Masai 1984). This model includes thermal bremsstrahlung continuum plus line emissions 

from matter of solar abundance in collisional ionization equilibrium at a given temperature. 

For higher temperature component, we adopt the thermal bremsstrahlung model spectrum. 

Photoelectric absorption is taken into account for both components. Note that we do not 

include a Gaussian line representing the iron line emission. The results of the fits with 

t his two component model are summarized in table 6.4, and two examples are depicted 

in figure 6.8. As seen from figure 6.8, behaviour of the fit residuals is qualitatively the 

same between the two spectra especially below 10ke V. It seems that the observed spectra 

require the iron line emission with the center energy substantially lower than that obtained 

by the best fit temperature of the thermal plasma emission. This may suggest that the two 

temperature model is still a rough approximation of the observed spectra. 

The fits are, however, acceptable on the average, and the line center energy cliscrepancy 

is probably resolved by introducing multi-temperature emission region. This result suggests 

that the multi-temperature is a common feature of the hard X-ray emission region among 

MCVs . 
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Table 6.4: Results of the spect ral fitting with the thermal pl asma emission and the thermal 

bremsstrahlung for G roup-1 sources. 

Th ermal plasma emission Thermal bremsstrahlung 

Source Norm .a. Tempb Norm.a. Tempb logN H c x; (d .o.f.) 

EF Eri ( '88) 0.20±0.02 7.6±1.5 0.72±0.06 28.8±4..2 21.8±0.1 1.00 (32) 
EF Eri ('91) 0.16±0.02 10.6±2.5 0.49±0.05 23.9±5.4. 21.6±0.1 1.16 (32) 
H0538+608 (FS) 0.09±0.02 7.5±2.8 0.61±0.05 38 .9±6.4 21.9±0.1 1.79 (26) 
E2003+225 0.06±0.02 5.6±5.0 0.67±0.4.7 >4.0 23.0±0.2 0.86 (21) 
GK Per (Qui.) 0.05±0.02 7.3±5.3 0.30±0.05 >27 22.1±0.2 0.92 {29) 
3A0729+103 0.12±0.07 3.8±1.8 0.34.±0.05 >28 23.2±0.1 1.64. (32) 

a.: Normalization in unit of 10 2 photons s 1 em 2 keV 1• 

b: Plasma temperature in unit of keV. 

c: Hydrogen column density in unit of cm- 2 . 

a) EF Eri ('88) b) H0538+608 (FS) 

-101,';;-,.;--------~----:;,-------...J 

Figure 6.8: Results of the spectral fitting with the thermal plasma emission and the thermal 

bremsstrahlung for (a) EF Eri {'88) (x~=l.OO) and (b) H0538+608 in FS (x;=l.79). 

Chapter 7 

C onclusions and Future Prospects 

7.1 Conclusions 

1. The hard X-ray emission of all the 13 MCVs observed with Ginga can be interpreted 

as that from optically thin hot plasma with temperature of 10- 40keV. This result 

confirms the optically thin thermal emission of MCVs proposed by the HEAO-A2, and 

A4 observations of AM Her (Rothschild et a/. 1981) and EF Eri (White 1981) with 

much larger number of samples. The hot plasma is formed probably by the standing 

shock wave above the white dwarf surface, in which the free fall energy of supersonic 

accretion flow is converted into thermal energy. 

2. Since plasma temperatures reflect the depth of the gravitational potential of the white 

dwarf, we have derived lower limits of the white dwarf masses to be 0.3- 0. 7 M 0 with 

the aid of the mass-radius relation of the white dwarf. The masses thus obtained are 

consistent with those derived by Mukai & Charles (1987). 

3. We have obtained the hydrogen number density in the hard X-ray emission region to 

be 1015 - 16cm-3 with the depth of K-edge absorption of highly ionized iron and with 

the emission measure. 

4.. We have found that the spectra of all the MCVs in 1.2- 37.4keV range are completely 

explained by optically thin thermal bremsstrahlung model spectrum with photoelec

tric absorption represented by at most two different hydrogen column densities, plus 

narrow iron line emission. It has already been revealed by EXOSATobservations that 

the photoelectric absorption of a large number of intermediate polars can never be 

represented with a single hydrogen column density (Norton & Watson 1989). Ginga 

observations have revealed that this is also the case for polars. 

5. The spin modulation of hard X-ray ·intensity of polars is caused by the eclispe of the 

emission region by the white dwarf. Since Ginga observations of polars have revealed 

that the photoelectric absorption is stronger in the pulse-peak phases , we believe that 

123 
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the photoelectric absorption occurs in the accretion column, and t he optical depth of 

it is large r along the acc retion column . 

We have found t hat the photoelectric absorption of in te rmedi ate polars is, on the other 

hand, stronger in the pulse-bottom phases . If the op tical depth of the photoelectric 

absorption is larger along the accretion column al so in inte rmedi ate polars , the accret

ing pole points to the observer in the pulse-bottom phases. T his picture is probably 

reasonable since the mass from the secondary accretes onto two magnetic poles sepa

rated by an angle of ~ 180' almos t evenly because of asynchronism between the orbital 

revolut ion and the rotation of the white d\varf. In this case, the eclipse of the emission 

regions by the white dwarf is not effec tive for the spin modulation of the hard X-ray 

intensity since the two emission regions alternatively come in to view of the observer. 

Alternatively, variation of the amount of the photoelec tric absorption with the rotation 

of the white dwarf mainly cause the modulation of the hard X- ray intensity. 

6. Strong iron Ka emission lines are observed from all the MCVs observed with Ginga, 

which confirms the EXOSAT observations of intermediate polars (Norton & Watson 

1989). The LAC, however, enables us to investigate the iron line emission from MCVs 

qualitatively for the first time. We have found that the iron line emission of MCVs 

originates both from pos tshock hot plasma in collisional ionization equilibrium and 

from cold matter surrounding the emission region irradiated by the X-ray via fluores

cence. T he observed line center energies are, however, significantly lower than those 

calculated by a weighted mean of these two components wi th a mixture predicted by 

the theoretical models . Although continuum spectra of MCVs are explained by t he 

optically thin thermal bremsstrahlung spectrum with a single temperature, this re

sult s trongly suggests that the hard X-ray emission region is not uniform, and a par t 

with relatively lower temperature makes greater contribution to the observed iron line 

emissions. 

7. We have discovered a significant temperature gradient in the hard X-ray emission region 

of AM Her. This result, together with the result of the iron line center energy mentioned 

above, indicates that the emission region of MCVs is generally inhomogeneous, as has 

been pointed out by a number of theoretical predictions . Further analysis of the current 

Ginga data probably provides us with a unique chance to evaluate the theoretical 

models so far presented (Lamb 1985 and references therein) quantitatively. 
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7.2 Future Prospects 

7.2.1 Temperature Gradient in AM Her 

As described in section 5.5 and subsection 6.3.2, we have found t hat t here is the temperature 

inhomogeneity in t he single emission region of AM Her. It is highly important to determine 

the direction of this temperature gradient; either along the acc retion column or along t he 

white dwarf surface. We expect that the depth of the K-edge absorption due to highly 

ionized iron can be utili zed for this purpose. As descri bed in section 5.4, this absorption is 

caused by the iron in t he pos tshock hot plasma. T herefore, the length of t he emission region 

along the line of sight at a given spin phase of the white dwarf is es timated by the column 

density of the highly ionized iron. 

If the t emperature gradient in t he emission region of AM Her is found to be along the 

accretion column through the analysis, the observed spectra of AM Her provides us with 

a unique chance to examine a number of theoretical models on the hard X-ray emission 

region. For example, we show expected energy spectrum of the hard X- ray emission from the 

pos tshock region calculated by Aizu (1973) in figure 7.1, together with a single temperature 

thermal bremsst rahlung spec trum. It is easily be noted that they resemble each o ther, and 

may not be di scriminated if the column density of the photoelect ric absorber is adjusted 

appropriately. Although we have so far fitted the observed spectra of MCVs with a single 

temperature thermal bremsstrahlung, the Aizu spectrum may also give accepta ble fi ts . 

7.2.2 Iron Line Measurements with ASTRO-D 

As described in subsec tion 6.4.4, both the observed equivalent widths and the center ~n ergies 

of the iron line are probably explained by introducing the hard X-ray emission region with 

multi-temperature. To establish this picture, it is necessary to measure the shape of the 

iron emission lines. As shown in figure 5.21, the line center energy vari es with the plasma 

temperature. Therefore, the distribution of the temperatures and the emission measures in 

the emission region will be evaluated by measuring the shape of the line. It is difficult to 

measure the shape of the iron line with the LAC because of poor energy resolution (18% 

at 6keV). It will, however, be possible with the SIS (Solid-state Imaging Spectrometer) on 

board the AST RO-D satellite which will be launched in 1993. T he energy resolution of the 
SIS is ~2% at 6keV. 
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Figure 7.1: Energy spectrum expected from the emission region calculated by Aizu (1973) 

together with a single temperature thermal bremsstrahlung. 

Appendix A 

Notes on the Period Determination 

In this chapter, we briefly summarize the precision of the period determination and possi

bilities of the detection of spurious periodicities with the Ginga data. When we observe a 

source which shows intensity modulation at period Ps during a time span ofT, the number 

of pulse included in the observation is 

T 
(A.1) n = 

Ps 

Therefore the precision of the period determination is formally denoted as 

c,.p /:;.n Ps 
Ps n T/:;.n , (A .2) 

where /:;.n is the error of phase determination . The value of /:;.n depends on the source 

intensity, depth of modulation, pulse profile and its stablity etc. Empirically, /:;.n ~ 0.2 is a 

reasonable estimate for a few days Ginga observation of a source with an intensity of a few 

mC. The above formula is thus eval uated as 
c,.p 

Ps 
for polars , 

for intermediate polars. 

(A.3) 

(A.4) 

The observed flux F(t) can sometimes be represented as the intrinsic source intensity 

I(Ps, t) multiplied by a kind of window function with another period, P, such as 

F(t) = h(P, t) I(Ps , t), (A.S) 

where h(P, t) means the window function, which causes spurious periodicities. Defining 

11 = 21rjP and 115 = 21rjP5 , F(t) shows beat periodicities a.t P' = 27r/l1' = 27r/(m115 + 
nl1) (m, n = ±1, ±2, · · · , 11' > 0) as well as at nP and nPs (n = 1, 2, · · ·). 

There are two origins of periodic window function , h(P, t). One is related to the way of 

Ginga observation, which is interrupted recurrently by the passage of the satellite through 

high background regions at the orbital period of Ginga, P = 96min (chapter 3). The 

difference between P5 and its nearest neighbor is 

27r c,.p = 
11s 

127 

27r 

11s + 11 
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T herefore, 
D.P !ts 

= 1 - --- ~ 0.5, 
Ps !t s + !1 

(A.6) 

where !1s ~ !1 for mos t MCVs. Comparing this with eq(A.3) and (A.4) , the beat period 

related with the Ginga sampling is easily distinguished from the true period. In addition to 

the beat periodicity, it sometimes occurs for polars that Ps becomes very similar to nP. For 

example, D.P/ Ps = IPs- 2PI/ Ps = 0.06 and 0.04 for AM Her (Ps=3.09h) and H0538+608 

(Ps=3.33h), respectively (n = 2), which are of the same order of magnitude as the accuracy 

of period determination (eq(A.3)). 

The other origin of periodic window function is the orbital motion of intermediate polars. 

Intermediate polars typically have Ps ~ 103s and P = P,b ~ 104s. With these estimates , 

Hence, 

D.P = ~ ~ 0.1. 
Ps !ts 

(A. 7) 

Therefore, these period aliases can be discriminated out , too. 

Finally, let us check the Doppler effects of the orbital motion of the white dwarf, and t he 

earth . The orbital velocity of the white dwarf, v is estimated with Kepler's third law, and 

the mass of the components as 

(as for the estimates of component masses, see chapter 2). From this equation, 

(A. B) 

which is of the same order as that expected from the revolution of the earth. Therefore, 

the Doppler effect of the orbital motion of the white dwarf and the earth is negligibly small 

compared with the precision of the present period determination. 
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