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A bstract

I have examined a sample of 19 AM Her stars observed using the R O SA T  satellite. 

I h t model spectra to the R O SAT  data to determine the energy balance ratio of these 

systems. I hnd that although the majority of the systems show a soft X-ray excess over 

the standard model of Lamb & Masters, there is a spread in the soft X-ray excess for 

systems observed in a high state. Further, I hnd that the value of the soft X-ray excess 

is correlated with the magnetic held strength of the white dwarf and of the radius at 

which material couples onto the magnetic held of the white dwarf. There were another 

3 systems which were found to be in an intermediate state. One of these systems was 

found to show a soft X-ray dehciency over the standard model. For one of the systems 

observed in a low state, a much lower thermal bremsstrahlung tem perature compared 

to tha t expected in the high state was found.

To account for these observations I propose a new picture of the accretion region 

in AM Hers. In the high state, dense blobs penetrate the white dwarf photosphere 

releasing most of the kinetic energy eus soft X-rays. The proportion of dense blobs 

in the accretion flow is determined by the magnetic fleld of the white dwarf. As the 

accretion rate decreases, the proportion of the accretion region in which a shock forms 

decreases until in the low state no shock forms. In the portion of the accretion region in 

which no shock forms, the accretion rate is such tha t the tem perture of the thermalised 

radiation is lower by a factor of 2-3 compared to the high state.

Using the RO SAT  data and previously published data, I find tha t the length of 

the bright phase of the two-pole systems can vary quite considerably. Further, in some 

systems the phase at which the bright phase commences varies over time, whilst the end 

of the bright phase does not. In one other system the converse is found. I suggest that 

varying the extent of the accretion region can account for the variable bright phase. 

Further, it is the sign of the angle that the magnetic field of the white dwarf makes with 

the secondary star which influences if its is the leading or trailing edge which varies in 

its extent.

I also make distance estimates to the symbiotic star RX Pup and the super-soft



source GQ Mus using the B V Ic  reddening distance technique. This continues the work 

I first started during the course of my MSc at the University of St. Andrews.
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C hapter 1

T he A M  Her system s

1.1 Introduction

Cataclysmic variable stars (CVs) are close binary systems in which m atter is transfered 

from a red dwarf secondary onto a (usually) more massive white dwarf primary. For 

primary stars without an appreciable magnetic field, an accretion disc forms around the 

white dwarf. In the AM Her (or polar) sub-class of CVs, the magnetic field strength 

(~10-50M G) is sufficiently strong to both synchronise the spin period of the white 

dwarf with the orbital period of the system and completely disrupt the disc (Cropper 

1990). In the DQ Her sub-class, the system is asynchronous, probably has an accretion 

disc and a white dwarf with magnetic field i^lM G (Warner 1992). The intermediate 

polars (IPs) are similar to the DQ Hers in that they are asynchronous but are strong 

X-ray emitters; it is stiU unclear if they have accretion discs (Norton & W atson 1989, 

Hellier 1992).

This review of AM Her sytems is not intended to be as comprehensive as tha t by 

Cropper (1990): rather it will discuss the most im portant characteristics of AM Her 

systems with an emphasis on developments in the field since tha t review.
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Magnetic field-ilnes

Accretion stream

c
W hite dwarf

Com panion star

Figure 1.1: A schematic diagram of an AM Her system (taken from Frank, King & 

Raine 1992).

1.2 A n overview

Figure 1.1 shows a  schematic diagram of an AM Her system. In its simplest form, 

m atter from the dwarf secondary star leaves the Roche lobe at the L i point (the inner 

Lagrangian point) and attaches to the field lines of the magnetised white dwarf. At 

some distance from the primnary, the magnetic field is sufficiently strong to force the 

accretion stream out of the orbital plane and direct it to  one or both of the magnetic 

poles. The accretion stream is thought to consist of dense filaments of material together 

with a less dense ‘rain’ of material. The rain of material forms a strong shock a t some 

point above the surface of the white dwarf which results is the emission of hard X- 

rays. On the other hand, the filaments of m aterial penetrate deep into the white dwarf 

photosphere where their accretion energy is thermalized, directly heating the surface of 

the white dwarf, which in turn radiates this energy as soft X-rays. In addition, electrons 

spiralling around the accretion stream emit strongly polarised cyclotron radiation in 

the optical-IR. Figure 1.2 shows a typical spectrum of an AM Her system (VV Pup).

The orbital period of AM Her systems lies in the range 80-275 mins (see table 

1.1) which manifests itself as a modulation in their light curves. Superimposed on 

these regular modulations are rapid incoherent flickering and, at times, more coherent 

modulations (queisi-periodic modulations or QPOs) with timescales a^ short as 1-3 

secs and as long as 4-lOmins. This variabilty is seen a t all wavelengths. On longer
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Figure 1.2: A composite spectrum of VV Pup from the IR to hard X-rays (taken from 

Patterson et al. 1984).

and irregular timescales, systems axe observed to go into faint or low states when their 

intensity drops by > 2^^. Even more pronounced changes in the overall shape of 

the light curve can occur when accretion switches from one pole accretion to two pole 

accretion. This is the cause of the so-called reversed or anomolous mode seen in AM 

Her (Heise et al. 1985) and QQ Vul (Osborne et al. 1987). An example of this is shown 

in figure 1.3 which shows the light curve of QQ Vul in soft X-rays at two distinct epochs: 

the secondary maximum axound <p ~0.45 in June 1985 is seen in phase with the deep 

dip seen in Sept 1985.

The white dwarfs in AM Her systems have been found to have magnetic field 

strengths ranging from 10-60MG. The most accurate method of determining mag

netic field strengths is through measurement of the Zeeman components of the spectral 

lines or measurement of the wavelength and spacing of the cyclotron harmonics in the 

optical/IR spectra. At present about 15 systems have well determined magnetic field 

strengths (c.f. table 1.1). Of those systems, 5 have different magnetic field strengths at 

either pole. The pole which recieves most of the accretion flow is generally the brighter 

pole (the primary pole) and is directed more to the companion star than the other 

generally weaker (the secondary pole). It is found that the primary pole has a lower 

magnetic field strength than the secondary pole. The strong magnetic fields found in 

AM Hers cause them to be synchronous to a very high precision. Biermann et al. (1985) 

placed a limit on the fractional difference between Porb and Papin of ^ 2  x 10“® in DP
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Figure 1.3: The soft X-ray light curve for QQ Vul in June and Sept 1985. The light 

curve from June 1985 shows the ‘normal’ mode while the Sept 1985 shows the ‘reversed’ 

mode (taken from Osborne 1988).

Leo. However, there are two known AM Her systems which do not show exact synchro

nisation, one of which (V1500 Cyg) is a known nova (which presumably distrupted the 

system) and is expected to regain synchronisation in the next ~200 years (Schmidt & 

Stockman 1991). The other system, BY Cam, is also expected to become synchronous 

within a similar timescale (Piirola et al. 1994).

1.3 AM  Her evolution

Perhaps the most im portant consequence of the R O SAT  mission (c.f. chapter 2), at 

least for AM Hers, has been the discovery of many more systems. Pre-H05AT, <̂ 17 

systems were known, while at present, there are ~42. This is of great im portance to 

the study of the class as a whole and their secular evolution in particular. Table 1.1
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Table 1.1: The main system parameters of the currently known (or probable) AM Her 
systems.

Name Porb V Distance B i fi RA Dec
(min) mag (pc) (MO) (°) (*) (2000.0) (2000.0)

RX0132-65 ~19 01 32 42 -65 55
RXOl 53-59 ~80 fvl5 01 54 02 -59 47 39
BL Hyi 113.6 15-19 128 33 70+10 153+10 01 41 01.1 -67 53 24
RX0203+29 275.5 ~17 02 03 48 +29 59
WW Hor 114.6 17-21 430 25 02 36 11.5 -52 19 14
EF Eri 81.0 13-15 ^89 10 58+12 27+18 03 14 12.9 -22 35 41
EXO0329-26 228.4 ~17 (10-50) 03 32 4.8 -25 56 49
UZ For 126.5 17-20.5 250 53,(75) 81+3 150+12 03 35 28.6 -25 44 22
RE0453^2 rv95 ~19 04 53 24.1 -42 14 07
RE0501-03 ~80 ~15 05 01 -03
RE0531-46 133.0 ~17 05 31 35.8 -46 24 07
BY Cam 199.3 15-17 41 05 42 49.0 +60 51 28
VV Pup 100.4 14-17 145 31.5,56 76+6 152+6 08 15 6.8 -19 03 16
EU Cnc 125.4 20-21 750 08 51 27.4 +11 46 57
RX0929-2404 [l] 203.4 ~17 09 29 07 -24 04 56
RX1002-19 107 ~17 10 02 12 -19 26
RX1007-20 ~208 ~18 10 07 -20
RX10154-09 ~17 10 15 +09
EK UMa 114.5 18-20 ^400 47 56+19 56+19 10 51 35.2 +54 04 37
AN UMa 114.8 14-19 >270 36 65+5 20+5 11 04 25.9 +45 03 15
ST LMi 113.9 15-17 128 18 64+5 141+4 11 05 39.3 +25 06 29
1113+432 115.9 13-17 11 15 47 +42 58 50
DP Léo 89.8 17-19 >380 31,59 76+10 103+5 11 17 16.0 +17 57 41
REl 149+28 ~90 ~17 11 49 54.6 +28 45 12
RE1307+535 [2] ~80 ~17 13 07 56.4 +53 51 37
RX1313-32 ~252 ~16 13 13 18 -32 59
V834 Cen 101.5 15-16 86 23 45+9 25+5 14 09 7.5 -45 17 17
MR Ser 113.6 15-17 139+12 24 43+5 38+5 15 52 47.4 +18 56 26
IH 1752+081 [3] 112.97 ~16 18 00 35.5 +08 10 12.8
RE1802+18? 1 1̂4 18 02 6 +18 04
AM Her 185.6 12-16 75 14,28 30+5 61+5 18 16 13.3 +49 05 23
RE1844-74 [4] ~90 ~18 18 44 42.2 -74 18 39
EP Dra [5] 104.6 ~18 >300 ~80 ~18 19 07 06.3 +69 08 39.8
R E1938^6 [6,7] ~140 ~15 56 19 38 35.7 -46 12 49
RE1940-10 ? [8] 202.2 19 40 11.5 -10 25 25.7
RX1957-57 99 ~17 19 57 -57
QQ Vul 222.5 15-17 ^400 (10-50) 60+14 +19+9 20 05 40.7 +22 40 06
Drissen V211b [9] ~160 ~18 20 08 56.6 -65 27 22
RE2107-05 [10,11] 125.0 ~15 >200 36 80+5 40+10 21 07 58.3 -05 17 39
V I500 Cyg 201.0 ~17 ~1200 (20),(20) 21 11 36.5 +48 09 02
CE Cru 108.6 18-21 (25-50) 21 37 56.6 -43 42 14
RX2316-05 ~209 ~18 23 16 -05

For systems discovered prior to the ROSAT  mission, the majority of data has been taken from Cropper (1990). 
For the post ROSAT  systems, data has mainly been taken from Ritter & Kolb (1994), Beuermann & Thomas 
(1993), Beuermann &: Schwope (1993) and Kolb & de Kool (1994). The magnetic field strength show the fields 
for the primary and secondary accretion poles respectively if known (Chanmugam 1992). Poorly determined 
field strengths eire shown in brackets. The inclination i and magnetic colatitude (of the primary pole) are 
defined in figure 1.2.
[1] Sekiguchi et ah (1994), [2] Osborne et ah (1994), [3] RemiUard et al. (1991), [4] Bairwig et ah (1994), [5] 
O’Donoghue et al. (1993), [6] Buckley et al. (1993), [7] Ferrario et ed. (1994), [8] Staubert et al. (1994), [9] Wick- 
ramasinghe et al. (1993), [10] Schwopw et al. (1994), [il] Glenn et ad. (1994).
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Figure 1.4: The définition of the system geometric angles used in this study, where i is 

the system inclination, P is the colatitude of the magnetic poles and ^  is the azimuthal 

angle of the pole from the line joining the centers of the two stars (taken from Cropper 

(1988).

lists these systems together with their most im portant system parameters.

1.3.1 The conditions for mass transfer

For stable, long-term mass transfer, the radius of the secondary star has to exceed its 

Roche lobe: m atter will then transfer from the secondary to the primary through the 

L i point. There are two ways for this to occur:

• The secondary expands as it evolves along the Main Sequence, and/or

• the Roche lobe of the secondary shrinks.

If the first scenario was a significant factor, we would expect the secondary stars to 

be significantly larger and more luminous than main sequence stars of the same mass. 

However, observations show the secondary is close to the main sequence (e.g. Caillault 

& Patterson 1990). In addition, these low mass secondary stars (~  0.1—0.6M©) exhaust 

their hydrogen supply on timescales of 10^^~^^ years, (many times greater than the age 

of the galaxy). It seems more likely that the Roche lobe shrinks: this can be achieved 

either through gravitational radiation losses or magnetic stellar wind and tidal torque
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losses which rob angular momentum from the system causing the period to reduce and 

the Roche-lobe (oc to shrink.

1.3.2 The observed period distribution

Figure 1.5 shows the observed orbital period distribution for the AM Hers, the combined 

distribution of the DQ Hers & IPs, and the overall CV population post-RO SATin the 

60-400 min range grouped into 10 min bins (the data for the AM Hers is taken from 

table 1.1 and the other systems from Ritter & Kolb 1994). The most striking feature of 

figure 1.5 is the difference between the period distribution of the AM Hers and the DQ 

Hers +  IPs: the AM Hers are concentrated towards shorter periods. This observation 

has lead to the postulate that as DQ Hers and IPs evolve towards shorter periods 

through the loss of angular momentum they gradually synchronise and after which 

they are observed as AM Hers.

The difference between the AM Hers and the CV population as a whole is more 

subtle: in the AM Her population, the longest orbital period is ^4 .7  hrs (much shorter 

than the CVs as a whole). Another feature of the AM Her period distribution apparent 

in table 1.1 is the period spike near ~114 mins: 8 systems are concentrated within 2 

mins of this period (see however §1.3.5). Before the publication of the R itter & Kolb 

(1994) CV catalogue. King (1994) claimed tha t at least half of the systems in the period 

gap between 2-3 hrs are AM Hers. Using the R itter & Kolb catalogue, it is found that 

for systems in the period range 130-190 mins, 30% of systems are AM Hers: this 

corresponds to 10.5% of AM Hers lying within the period gap. For the CV population 

as a whole, 6.0% of systems lie within the period gap. Increasing the period range to 

120-190 mins, 32% of systems within the period gap are AM Hers.

1.3.3 The period gap

The period distribution of CVs (c.f. figure 1.5), shows a much reduced incidence of CVs 

between '~2-3 hrs compared to  the overall population distribution (known as the period 

gap). The upper limit of the gap at 3 hrs is thought to be due to the secondary losing
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Figure 1.5: The number of systems in each ten min period bin is shown as a function 

of period, for the AM Her systems (top); the DQ Her and IP systems (middle) and the 

overall CV population (bottom).
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its radiative core and becoming fully convective which, either turns off the magnetic 

field or its stellar wind. This results in the loss of the driving force removing angular 

momentum from the system and the secondary detaches itself from the Roche lobe 

so tha t mass transfer ceases. Over time, 10  ̂ yrs), graviational radiation removes 

sufficient angular momentum from the system so tha t the radius of the secondary star 

exceeds its Roche lobe and mass transfer resumes around ~ 2  hrs (see King 1988 for a 

more detailed review of CV evolution).

The fact tha t some systems are observed in the period gap indicates tha t either 

some systems start accreting material in the period gap or there is some mechanisim 

which continues to remove angular momentum from the system. King (1994) claims on 

the basis of there being more AM Her systems in the period gap than other CVs, tha t 

the former mechanisim cannot be true. If so, we have to look to the la tter explanation, 

and there are a number of possibilités.

One scenario is to alter the mass-radius relationship of the secondary star by assum

ing the secondary has evolved from the Main Sequence by a significant amount before 

the initial mass transfer begins. King (1994) suggests tha t for the secondary to have 

significantly evolved, its initial mass, M2,,-^0 .8M© and hence the white dwarf must be 

more massive than this as M i > M 2 for stable mass transfer to  occur. This implies 

tha t the white dwarfs in AM Her systems are more massive than those in other CVs. 

If true, this would imply they have larger gravitational potentials than other CVs and 

hence are brighter in soft X-rays where the majority of these systems are discovered. 

However, a counter argument to this is provided by UZ For. Its period of 126.5 mins 

places it in the period gap, but the white dwarf has a normal mass (Afi=0.61-0.79ilf©; 

Bailey & Cropper 1991).

In a second scenario, Wu & Wickramsinghe (1993) and Wickramasinghe & Wu 

(1994) suggest tha t magnetic breaking by the stellar wind of the secondary star is not 

effective once the spin period of the white dwarf and the orbital period become sy- 

chronized. At this point, gravitational radiation is the only mechanisim which removes 

angular momentum from the system and there is no cessation of the angular momen

tum loss and no period gap is formed. Li, Wu Sz Wickramasinghe (1994) model the
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magnetic breaking via a stellar wind for AM Her systems and find an upper limit to 

the magnetic field strength of ~70MG for a system with M \ =  OJMq,  M 2  =  0.4M© 

and Pf^ij=5 hrs. This theory has a number of attractive features in tha t it explains the 

high proportion of AM Hers in the period gap claimed by some authors, the low mass 

transfer rate seen in AM Hers compared with other CVs and the lower upper limit 

to the white dwarf magnetic field strength in AM Hers compared with isolated white 

dwarfs (Wu, Wickramasinghe & Li 1994).

King et al. (1994) show tha t >67% of CVs are born with fully convective cores and 

hence start mass transfer near or below the period gap. In addition, >80% of pre-CVs 

are born with periods hrs and can start stable mass transfer within the lifetime 

of the galaxy without any contribution from magnetic breaking. These systems form 

at periods too short for the upper limit of magnetic field to apply. Kolb & de Kool 

(1994) show tha t graviational radiation alone cannot explain the period distribution. 

Wickramasinghe & Wu (1994) however, point out tha t their no magnetic breaking 

hypothesis is an extreme case and suggest tha t some magnetic breaking component 

might be expected to be present to some degree especially for lower field systems.

1.3.4 The lower lim it to P o r t

Both in the CV population and the AM Her sample, the lower limit to  Porb is ~80 

mins. This lower limit was explained both by Paczynski (1981) and Rappaport, Joss 

& Webbink (1982). Mass transfer reduces the mass of the secondary on a timescale 

{tjÇf): to reach the Main Sequence again the radius must shrink on a timescale close to 

the Kelvin-Helmholtz timescale ( ^ k - h )  (the time taken for the luminosity to  result in 

a loss of energy equal to the present gravitational energy). <k-H the secondary

will not be able to reduce its size fast enough and becomes oversized for its mass and 

the period (P^ a  R 2 I M 2 ) increases.
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1.3.5 The period spike

Prior to RO SAT, 6 out of the 17 (35%) known AM Her systems lay within the period 

interval 113.6 min< P  < 115.6 min. Hameury et al. (1988) found tha t once mass 

transfer resumes after crossing the period gap the secondary expands adiabatically. This 

causes the period to increase slightly before decreasing again resulting in a concentration 

of systems around 114 mins in both the AM Her and overall CV population alike. 

However, this theory demands rather strict limits on the mass of the primary and 

secondary. R itter & Kolb (1992) show tha t the above framework predicts the overall 

angular momentum loss cannot be greater than the gravitational angular momentum 

loss. More importantly, it predicts a dispersion of the mass of the secondary star in the 

period spike to be 6M2i^0 .002M@. This can only be accounted for if the initial masses 

of the components are Af2,^^0 .5M@ and

To account for the non-detection of a spike in the observed period distribution of 

non-magnetic systems, Hameury et al. (1989) argue tha t magnetic CVs can be divided 

into two groups: in one. M i =  0.6 — 0 .8M©, and the other M i =  1.0 — 1.4M©. Further, 

they find tha t for the low mass white dwarfs. M i stays close to the above range (A M

0.05M©), while for higher mass white dwarfs, nova explosions reduce the mass of the 

white dwarf. In the case of non magnetic systems no such feature is expected and these 

systems gradually reduce the mass of the white dwarf so tha t M i < 0.7M©, impling 

tha t Ml is greater in AM Her systems compared with non-magnetic systems.

Again, UZ For can be used as a counter argument to  the above: the above theory 

requires the white dwarf in UZ For to have a mass greater than the spike systems 

(A M i > 0.2M©) which the results of Bailey & Cropper (1991) suggest is not the case.

The period distribution post-ROSAT show 8 out of <^40 (19%) systems in a period 

range 112.9 mins< P  <115.9 mins. The significance of the period spike has clearly 

reduced. If the period spike does turn out to be spurious, then the anomolous result 

on UZ For is clearly mitigated. Mass estimates of the white dwarfs in the period spike 

should resolve this issue.
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1.3.6 The evolutionary relationship betw een AM  Hers and the DQ  

Hers and IPs

As CVs evolve, magnetic and gravitational forces take angular momentum from the 

system which in turn  reduces the orbital period. As mentioned above, the majority of 

DQ Hers and IPs have longer periods than the AM Hers. It is tempting to  suggest that 

as DQ Hers and IPs evolve, they ‘tu rn ’ into AM Hers (e.g. Chanmugam & Ray 1984, 

King, Frank & R itter 1985, Hameury et al. 1987). Wickramasinghe & Wu (1993) using 

Monte Carlo simulations find tha t AM Hers and IPs may follow different evolutionary 

paths. King (1994) suggests tha t magnetic CVs can be classified into 5 sub-classes 

according to /zi =  B R ^ j  (the magnetic moment of the white dwarf).

•  f i i  ^ 5  X 1Q34 G cm^: these evolve so rapidly that they might not be recognised as 

AM Hers at all. They could be related to the super soft X-ray sources discovered 

using RO SAT  (Hasinger 1994).

• 5 X 10̂ "* G cm^ ^iicrit- these are strong field AM Hers where ficrit is some 

critical value. These populate the period gap if they begin stable mass transfer 

at Porb ^3hrs.

•  Merit X 10^^ G cm^: these are weak field AM Hers and evolve like other

CVs and are asynchronous if they were born at I^ b ^ 4 h rs .

• 5 X 10^^ G cm^ ^10^^ G cm^: these are strong field IPs and evolve as other 

CVs and only become synchronous if they are born with short periods.

• 10^^ G cm^ ^Mi- these are weak field systems and evolve as other CVs and never 

synchronise.

Some authors conclude that IPs have lower magnetic fields than AM Hers due to 

the presence of accretion discs and low amounts of polarisation (e.g. Cropper 1986, 

Penning, Schmidt & Liebert 1986). Others such as Hameury, King & Lasota (1986) 

claim tha t the real uncertainties in the field determination of IPs have been underesti

mated and tha t even the low levels of polarisation seen in BG CMi is proof of large field
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strengths. While the magnetic field strengths of AM Hers are relatively easy to  obtain, 

they are much harder to obtain for DQ Hers & IPs. There are currently only two 

IPs with known (but not very accurate) magnetic field strengths: BG CMi (2-lOMG) 

(Chanmugam et al. 1990) and RE0751+14 (8-18MG) (Rosen, M ittaz & Coyne 1993, 

Piirola, Hakala & Coyne 1993).

1.4 The secondary

1.4.1 The mass of the secondary

There has been a great deal of debate concerning how close the red dwarf secondaries 

are to the Main Sequence. Patterson (1984) derived the following empirical mass-radius 

relationship for low mass dwarfs:

%  -  0 "

(where M 2 is the mass of the secondary and P4 is the orbital period in units of 4 hrs). 

This relationship deviates from the Main Sequence for low mass dwarfs by a small 

factor; however, Patterson points out the main sequence for low mass stars is poorly 

determined.

A more recent determination of the empirical mass-radius relationship (Caillault 

& Patterson 1990) shows a discrepancy of <̂ 10% compared with theoretical models, 

indicating tha t secondaries in CVs are, in general, close to the Main Sequence. A 

recent observation of the AM Her system RE2107-05 (Glenn et al. 1994), shows the 

secondary mass to be in good agreement with the empirical mass-radius relationship 

of Patterson (1984). However, observations of the long period (10.6hrs) CV DX And 

show tha t the secondary has a radius at least <^40% greater than the corresponding 

Main Sequence star (Drew, Jones & Woods 1993).
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1.4.2 The m agnetic field of the secondary

Most nearby M dwarfs show evidence of magnetic activity from X-ray and radio obser

vations whose intensity increases with spin period (Schrijver 1985). Indeed a radio hare 

observed on AM Her suggests the secondary has a field strength of ~1000 G implying 

the magnetic moment of the secondary is comparable with tha t of the white dwarf 

(Dulk, Bastian &: Chanmugam 1983). Further evidence of flare like activity was seen 

in observations of RE1938-46 which showed several flares in an otherwise low level 

(Warren et al. 1993). As AM Hers have no accretion disc (and hence no reservior of 

material) any instability cannot originate in the white dwarf magnetosphere, rather it 

must occur on the secondary component. The fact tha t secondaries are locked into 

synchronization with the primary will accentuate the dynamo effect.

1.4.3 The in tensity  states

As well as undergoing photometric variations due to the orbital period and flickering on 

very short timescales, AM Hers are observed to go through periods when they are very 

faint and the accretion rate drops by several orders of magnitude or virtually ceases. 

The timing of these faint levels is irregular. Observations of AM Her between 1890- 

1977 show a continous distribution in the brightness of the system indicating tha t there 

are no distinct brightness levels (c.f. figure 1.6). Systems can spent a long time in these 

faint states: ST LMi came out of a faint state which had lasted 1.5 years in early 1994 

(Honeycutt & Bond, private communication). The cause of these faint levels is still 

unclear. However, King k  Lasota (1984) suggest that irradiation of the secondary star 

or the accretion stream may play an im portant part. King (1989) shows tha t irradiation 

of the secondary star cannot penetrate to the photosphere, but concludes tha t radiation 

can ionize the accretion flow just below the L\ point in AM Her systems. It is difficult 

to see how material at this point can have a significantly lower tem perature than  the 

photospheric tem perature of the secondary. It is possible tha t in the bright level the 

tem perature of this region is greater than the effective tem perature of the secondary.
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Figure 1.6: The brightness distribution of AM Her from Harvard plates. N is the 

number of days AM Her appeared in each 0.5 mag bin (taken from Feigelson, Dexter 

& Filler 1978).

1.4.4 D istances to  AM  Hers

The most commonly used distance estimator to  CVs is th a t of Bailey (1981). This 

technique uses the observation tha t the surface brightness of a  cool star is independent 

of tem perature or luminosity in the K  band. The distance is determined from:

log d = f  +  1 -  l o g ^

where d is the distance in parsecs, Sjc is the surface brightness param eter in the K  

band and K  is the observed magnitude in the K  band.

Warner (1987) uses the radius-period relationship of Patterson (1984) to  obtain:

log d — ^  — 0.93 + 1.073log Phr for P  < G.Shrs

Of course, in the case of AM Hers a significant proportion of the üf-band fiux 

originates from the cyclotron component implying Bailey’s method will give a lower 

limit to  the distance. However, by observing the system in a  faint state or observing 

a t an orbital phase when the main accretion region is obscured, it is possible to  obtain 

more accuarate estimates.
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1.5 T he accretion region

1.5.1 The energy balance

In the waveband stretching from the optical to X-rays, the accretion region dominates 

the observed spectrum of AM Her systems. The accretion region will now be discussed 

in some depth. At some distance from the white dwarf, the accretion flow is directed 

out of the orbital plane where it travels along the magnetic field lines and shocks at 

some height above the white dwarf photosphere near to the magnetic pole(s). As the 

shock tem perature is expected to be ^^10®K, hard (10-50keV) bremsstrahlung X-rays 

axe em itted in the post-shock region as the material cools and settles onto the white 

dwarf. The simplest models of the conversion of accretion energy into photons in AM 

Her systems (Masters 1978, King & Lasota 1979 and Lamb & Masters 1979) assume 

tha t infalling m atter is shocked at some height above the white dwarf photosphere. 

Under the assumption that the bremsstrahlung component is isotropic, half of this 

emission is directed towards the white dwarf where it is absorbed and thermalized. If 

all of this thermalized flux is re-radiated as a quasi-blackbody, one would expect equal 

contributions from the hard and soft component to the to tal energy output -  this is 

the standard model (c.f. figure 1.7). For completeness, cyclotron emission from the 

accretion column should also be included in any energy balance calculation since it 

contributes to  the accretion luminosity. Including the effects of scattering of reflected 

X-rays by the accretion column back on to the white dwaxf. King & Watson (1987) 

estimated the expected energy balance of the standard model to be:

u V S L  -
where Lbb̂ boi is the blackbody bolometric luminosity, Ltb,bol is the therm al bremsstrahlung 

bolometric luminosity, Lcyc is the cyclotron luminosity and ax(~ 0.3) is the X-ray 

albedo or scattering co-efficient.

Previous observations of some AM Her stars (e.g. Heise et al. 1985 and Osborne 

et al. 1986) have shown Lbb,boiI(Ltb,boi +  Lcyc) >  0.55. This disagreement with the 

standard model is known as the ‘soft X-ray excess’. In an indépendant argument. King
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Figure 1.7: A schematic diagram of the standard model of accretion onto white dwarfs 

(taken from W atson 1986).

& W atson (1987) determined the maas transfer rates implied for AM Her stars using 

measurements of their hard X-ray fluxes alone (i.e. ignoring the soft X-ray emission). 

They found tha t the implied mass transfer rates were at least an order of magnitude 

less than standard CV evolution would lead us to expect. However, for those systems 

in which a soft X-ray excess was measured, the inclusion of the soft X-ray luminosity 

brought the mass transfer rate back up to  values tha t were more in agreement with 

tha t expected from evolution theory.

Kuijpers & Pringle (1982) had already proposed tha t the explanation of the soft 

X-ray excess lay in the fact tha t the accretion stream in AM Her stars is highly inho- 

mogeneous and consists of ‘blobs’ of m atter with a range of length and density. Frank, 

King & Lasota (1988) took this a stage further by treating each blob as an independent 

mini-accretion region. Blobs with sufiiciently high density will penetrate deep into the 

white dwarf photosphere before being shocked, and their accretion energy thermalised, 

directly heating the surface. Less dense regions of the flow will shock above the white 

dwarf photosphere as in the standard model, yielding optically thin X-ray thermal 

bremsstrahlung and optical/IR  cyclotron emission. A fraction of this radiant energy 

further heats up the white dwarf surface. By adjusting the fraction of dense blobs in 

the accretion stream , the model of Kuijpers & Pringle (1982) can account for the order 

of magnitude soft X-ray excess seen in some AM Hers. Although the existence of the
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soft X-ray excess is convincingly established in some systems, there is still uncertadnty 

over how widespread it is among the whole AM Her population. This is due to the 

rather imprecise estimates for the soft and hard luminosities made to  date.

1.5.2 The structure of the accretion region

Initially, it was thought the geometry of the accretion region was a simple circular 

spot. It was Lamb (1985) who first suggested tha t this might not be the case. An 

asymmetric accretion region can explain the asymmetric light curves of the bright phase 

seen in a number of AM Hers (e.g. VV Pup, Patterson et al. 1984) while polarimetric 

observations indicate tha t the accretion region is arc shaped with dififerent accretion 

rates along its length (e.g. AM Her; Wickramasinghe et al. 1991).

Observations by Beuermann (1987,1988) show tha t the fractional area of the emis

sion region /  is proportional to the wavelength: in hard X-rays /  10~® — 10“^, in

soft X-rays /  ~  10“ ® — 10“®, while the cyclotron component has /  10“  ̂— 10“®. This

implies there is an inner core of accretion at some point(s) in the accretion axe which 

produces hard X-rays, while the cyclotron component is produced in the mid-to-outer 

regions of the arc.

1.5.3 Rapid and quasi-oscillations

Rapid incoherent flickering is seen in all CVs and in many wavelengths. This is thought 

to be due to variations in the accretion rate on very short time scales. Other more 

coherent variations on timescales ^ 1 -3  secs have been seen (e.g. Middleditch 1982, 

Mason et al. 1983) which disappear when the accretion region is obscured from view (e.g. 

in VV Pup; Larsson 1989). This indicates these short period quasi-periodic oscillations 

(QPOs) originate in the shock region. Langer, Chanmugam & Shaviv (1981,1982) 

showed using a numerical solution to the hydrodynamical equations tha t the accretion 

flow is thermally unstable and undergoes periodic oscillations with periods ranging 

from a fraction of a second to  ~10 secs depending on the specific accretion rate . 

Wolff, Wood & Imamura (1991) and Wood, Imamura & Wolff (1992) found tha t time-
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Figure 1.8: The integral flux of AM Her in the intermediate level as a  function of 

magnetic phase (taken from Bonnet-Bidaud, Somova &: Somov (1991).

dependent models of radiative shock waves in nonsteady accretion flows can produce 

optical QPOs similar to those observed. An alternative model has been proposed by 

Steiman-Cameron et al. (1994) which assumes blobby accretion of the sort proposed 

by Kuijpers & Pringle (1982). Imam ura et al. (1994) compare both models using high 

speed optical data  of VV Pup and flnd tha t both produce power spectra which resemble 

their data.

Other longer period QPOs (^4 -10  mins) have been seen in a number of AM Hers 

which cannot be caused by the oscillating shock model (e.g. AM Her; Bonnet-Bidaud, 

Somova & Somov 1991). King (1989) proposed tha t X-ray irradiation of the accretion 

stream below the Li point produces an oscillating ionisation front which modulates the 

accretion flow through the Li point with periods similar to the timescale seen in some 

systems. The timescale for this oscillation is:

^osc — secs

where Phr is the orbital period in hours. Figure 1.8 shows the 4.5 min period oscillations 

seen in AM Her when it was observed in an intermediate level.
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C hapter 2

The RO SAT observations

2.1 Introduction

RO SA T  is a joint German-USA-UK satellite launched into low-Earth orbit on 1990 

June 1. It was expected that during the course of its mission, many new AM Her sys

tems would be discovered as they are known to be strong soft X-ray emitters. Indeed, 

RO SA T  doubled the number of known AM Her systems (c.f. chapter 1). Its mission 

was to perform an all sky survey in soft X-rays and in the EUV (the first such survey). 

After this initial survey, the rest of the mission was in a pointed mode in which ex

tended observations were made of individual objects. Unlike observations made using 

EX O SA T  which gave long uninterupted data  of individual sources, the pointed mode 

in R O SA T  was characterised by data gaps every orbit (96 mins). These were caused 

by the Earth occulting the target star or when the satellite passed through the South 

Atlantic Anomaly and the auroral zones (when the background radiation significantly 

increased). Overall, ~27% of the time was not avaliable for scientific observations.

R O SA T  carried three instruments for scientific use:

• A position sensitive proportional counter (PSPC) (0.1-2.2keV),

• A high resolution imager (HRJ) (0.1-2.2keV),
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• A wide field camera (W FC) (0.05-0,21keV).

The work in this thesis is based on observations made using the PSPC and WFC.

2.2 T he PSPC

The PSPC is one of two detectors in the main X-ray telescope (XRT), the other being 

the HRI. The PSPC has a to tal field of view of 2°, with a spatial resolution of ~  2S" 

in the focal plane. The quantum efhcency of the PSPC is good, approaching «^0.8 for 

photons of energies keV (figure 2.1 shows the efficiency as a function of photon 

energy). The energy resolution is, however, rather poor: e.g. 43% at 0.93keV. The 

detector PSPC-C was used up until 1991 Jan 25 at which point there was a loss in 

spacecraft a ttitude and PSPC-C was destroyed. After this point another detector 

(PSPC-B) was used.

The PSPC support structure consists of a rigid circle (~  0.5° in radius) with 8 

equally spaced radial struts (figure 2.2). On smaller scales there exists two grid systems 

of wires of different spacing and thickness. In the central field of view, point sources 

are focused so sharply tha t the most coarse mesh can obsure the source to a significant 

degree. To overcome this problem, the telescope is pointed back and forth (±  ~  3̂  on 

a timescale of ~400 secs). For sources further off-axis than the central ring structure, 

this is not a serious problem since vignetting causes point sources to have a much larger 

PSF than on-axis sources. For time series studies of bright objects, it is clearly desirable 

to position the source off-axis.

The determination of the PSPC response function has been far from trivial. The 

first response m atrix showed very poor fits to  data, especially around the carbon edge 

(0.28keV). The response m atrix was later modified as a result of observations of point 

sources which were thought to show featureless and non-variable spectra. For data 

taken before 1991 Oct 14, the response m atrix issued on 1992 Mar 11 (drmpspc_06) 

has been used in this study. For data after this date, the response m atrix issued on 

1993 Jan 12 (drmpspc_36) has been used. This is necessary because of non-linear gain
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Figure 2.1; The PSPC quantum efficiency as a function of photon energy (tahen from 

the ROSAT AO-2 proposers guide 1991).

variations in the PSPC as a function of time. It is likely tha t the PSPC response 

matrices will be improved in due course, both from further modelling of PSPC spectra 

and from ground based tests on ffight spare PSPC’s. For a more detailed description 

of the problems faced in the PSPC calibration, see Turner & George (1993).

2.3 T he W FC

In addition to the main X-ray telescope housing the PSPC and HRI detectors, another 

instrum ent, the wide field camera, provided the first all sky survey in the EUV spectral 

band. Since interstellar absorption blocks radiation in the EUV, it was expected that 

only the closest sources would be detectable in the WFC. As it turned out, extragalactic 

sources were seen in the EUV in areas of the sky where the interstellar absorption was 

very low (see Pounds et al. 1993 for a list of all the bright sources seen using the W FC).
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The most im portant filters in the WFC were the S i A (90-185eV), the S2A and 

S2B (6 2 -llleV ) and the SIB (90-210eV) filters. In addition there were another two 

filters of lower effective area and energy passbands (P I and P2) which were available 

in the pointed mode. Figure 2.3 shows the effective areaa of all the WFC filters. As 

mentioned above, on 1991 Jan 25, the spacecraft suffered a severe loss in attitude. As 

a result, the W FC’s efficiency was severely degraded. After an order of magnitude 

decrease in efficiency, the efficiency started to increase slowly, the cause of which is still 

unclear. Figure 2.4 shows the efficiency history of the WFC filters. For a more detailed 

description of RO SAT  and its instrumention, see Pfeffermann et al (1986) and Pye, 

Watson &: Pounds (1991).
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2.4 ROSAT observations o f AM  Her stars

At present, 20 new objects discovered by RO SAT  have been classified as AM Her stars. 

It is likely tha t more wiU become known as foUowup optical work has been completed 

on other objects. Of course, RO SAT  performed pointed observations of AM Her stars 

which were known prior to the RO SAT  mission. The R O SA T  database has the largest 

sample of AM Her stars in the soft X-ray band. In the course of this survey, I have used 

data which was originally in the hands of colleagues at MSSL (i.e. they were the PI) 

and data which I have extracted from the RO SAT  D ata Archive Centre in Leicester. 

Table 2.1 lists all the observations which I have used. The analysis of these data is 

described in the following chapters.
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Object Date

of

observation

PSPC

Exp

(ksec)

PI Response

Matrix

On/Off

Axis

Aperture

Radius

(')

WFC

filters

BY Cam 1991/03/09 5.1 Meison j 06 OFF 9.0 SIA S2B

BY Cam 1991/03/09-14 19.2 Levine J06 ON 3.0 SIA S2B

EU Cnc 1991/11/15-19 10.5 Belloni Ji6 ON 1.2

V834 Cen 1992/07/27 6.4 Watson Ji6 OFF 7.2

EF Eri 1990/07/18-20 18.5 Beuermann J06 OFF 9.0 SIA

UZ For 1990/07/18-20 7.7 Metson J06 ON 2.5 SIA S2A

UZ For 1991/08/14-15 50.0 King j 06 ON 8.0

AM Her 1991/04/12-13 13.5 Beuermann J06 OFF 9.0 SIA

AM Her 1991/09/14-16 16.8 Beuermann -06 OFF 4.0

WW Hor 1992/07/21-23 15.3 Tennzint .36 ON 2.1

BL Hyi 1991/04/15-05/16 18.2 Schwope j 06 ON 4.5 SIA

DP Leo 1992/05/30-06/01 8.9 Cordova -36 OFF 4.8

ST LMi 1993/05/26-06/01 44.0 Mason J36 OFF 5.4

MR Ser 1992/02/27 3.7 Mason J36 ON 1.4 S2B

VV Pup 1991/10/17 46.5 Schwope ^ 6 ON 6.0 SIA S2B

AN UMa 1991/11/18 4.7 Mason -36 OFF 9.0 SIA S2B

EK UMa 1992/05/12-13 14.0 Osborne -36 OFF 4.8 SIA S2B

QQ Vul 1991/04/09 3.2 Matson J06 OFF 3.6 SIA S2B

QQ Vul 1991/04/12-21 13.8 Nousek j 06 ON 5.2

QQ Vul 1992/11/09 2.2 Matson -36 OFF 7.8

QQ Vul 1993/10/15 1.0 Matson -36 OFF 8.0

RE0453-42 1992/01/15 3.1 Greiner -36 ON 4.0 SIA S2B

RE0453-42 1992/09/21-23 12.7 Schwope ON 4.1

RX1007-20 1992/11/17 10.8 Schwope -36 ON 3.5

RE1149+28 1993/05/25-28 16.7 Matson -36 OFF 8.0

RX1313-32 1992/07/27-29 13.7 Schwope -36 ON 1.8

Table 2.1: The RO SAT  observations of AM Her systems which were used in this study. 

It shows the dates of the observations, the to tal exposure of the PSPC observation and 

the Principal Investigator (PI). The response m atrix used in the analysis is shown (see 

text for details). The positioning of the source in the PSPC is noted along with the 

radius of the object aperture which was used in extracting data.
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C hapter 3

Light curves o f A M  Hers 

observed using ROSAT

3.1 Introduction

As discussed in chapter 1, AM Her systems show a wide variety of photometric varia

tions in all wavebands. There are several sources for such observed behaviour: quasi- 

periodic oscillations (several secs to ten ’s of mins), rapid flaring (tens of secs), the spin 

period (orbital period) of the white dwarf (~80-276 mins) and changes in the mean 

brightness (^m onths to years). From light curves it is possible to probe the behaviour 

of the accretion stream and to some extent the location of the accretion region(s) on 

the surface of the white dwarf. Mason (1985) classified AM Her systems observed in a 

high state using EX O SAT  into two groups:

• T w o-po le  systems exhibit light curves which show an extended faint phase due 

to a self-occultation of the main accretion region by the white dwarf.

• O ne-po le  systems exhibit light curves in which one pole is continuously in view.

Although this classification does not imply any intrinsic difference between the

systems, their light curves are quite distinctive and can immediately tell us something
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about the system geometry.

3.2 T he reduction procedure

Light curves for the systems were extracted from data  obtained using the R O SA T  PSPC 

with the ASTERIX software package (Saxton 1992). A time series for the source plus 

background was extracted using an aperture centred on the source (the size of which 

is shown for each object in table 2 .1). In determining the size of source aperture, a 

compromise was made between sampling as many of the source photons as possible 

and optimising the signal-to-background ratio (the point-spread-function for very soft 

photons which predominate in objects such as AM Her systems is relatively large). The 

background level was determined from a source-free region of sky and then subtracted 

from the source plus background time series with appropriate scaling for the solid angles 

involved.

D ata obtained using the W FC were analysed in a similar way to the PSPC data. 

The W FC was affected by a severe variation in efficiency over time (c.f. chapter 2). To 

enable a direct comparison between sources, the observed count rate (after correcting 

for vignetting and dead time loss) is quoted in the text while the efficiency corrected 

light curve is shown in the figures.

3.3 T he observations

Figure 3.1 shows the folded light curves for two-pole systems observed using ROSAT: 

UZ For, VV Pup, EK UMa and RE1149-|-28. Figure 3.2 shows the folded light curves 

for one-pole systems observed using ROSAT: BY Cam, EF Eri, AM Her (in its high 

state) WW Hor, BL Hyi, DP Leo, AN UMa, QQ Vul, RE0453-43 and RX1007-20. For 

those systems which were observed in a low state (ST LMi, MR Ser and RX1313-32), 

and those systems which were poorly sampled over the orbital cycle or are relatively 

distant (V834 Cen and EU Cnc) their light curves are shown in Figure 3.3. This chapter
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discusses the light curves of these objects in detail while chapter 4 will look at how these 

observations influence our understanding of the structure of the accretion region. In 

this work the cycle number is referred to often. This is the number of orbital cycles 

which have elapsed since the epoch of the zero point of the ephemeris used to phase 

the data.

The systems are discussed in the following order:

T w o-pole system s:

§3.4: UZ For 

§3.5: V V  Pup  

§3.6: EK U M a  

§3.7: RE1149-I-28

O ne-pole system s:

§3.8: B Y  Cam  

§3.9: EF Eri 

§3.10: A M  H er 

§3.11: W W  Hor 

§3.12: BL H yi 

§3.13: D P  Leo 

§3.14: A N  U M a  

§3.15: QQ V ul 

§3.16: REG453-41 

§3.17: R X 1007-20
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System s observed in a low  state or which w ere poorly sampled: 

§3.18: EU  Cnc 

§3.19: V 834 Cen  

§3.20: V 1500 C yg  

§3.21: ST LM i 

§3.22: M R  Ser 

§3.23: R X 1313-32

T w o-Pole system s

3.4 UZ For

UZ For (EXO 033319-2554.2) is a highly inclined system exhibiting a narrow eclipse 

caused by the secondary star occulting the white dwarf (Beuermann, Thomas & Schwope 

1988, Osborne et al. 1988 (hereafter 088), Allen et al. 1989). It was discovered using 

E X O SA T  (Giommi et al. 1987). The system shows an extended faint phase (A ^ <^0.5) 

when the X-ray flux is ‘off’. Bailey and Cropper (1991) demonstrated tha t the opti

cal flux originates from an extended structure on the surface of the white dwarf and 

this enabled them to constrain the system geometry and stellar masses from a detailed 

examination of the optical eclipse profile.

3.4.1 The observations

UZ For was observed at two epochs using ROSAT: it was first observed by Mason 

in 1990 July, who observed it for 7.7ksec, while King observed it on 1991 August for 

50.0ksec. Figure 3.1 shows King’s PSPC data integrated into 50 sec bins and folded 

on the ephemeris of Allen et al. (1989) which defines 0=0.0 to be the centre of the 

eclipse. Figure 3.4 shows the individual orbital cycles observed using the PSPC by 

Mason (covering 0 .1- 2 .0keV), folded as before, while figure 3.5 shows the individual 

PSPC cycles observed by King. The folded light curve (Figure 3.1) is similar to that
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Figure 3.1: The folded light curves of the two-pole systems: UZ For, VV Pup, EK UMa

and RE1149-I-28 (covering 0.1-2.0keV).
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Figure 3.2: The folded light curves of the one-pole systems: BY Cam, EU Cnc, EF
Eri, AM Her, WW Hor and BL Hyi (covering 0.1-2.0keV).
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Figure 3.2: (cont): The folded light curves of the one-pole systems; DP Leo, AN
UMa, QQ Vul, RE0453-42 and RX1007-20 (covering 0.1-2.0keV).
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Figure 3.3. The folded light curves of the low-state and poorly observed systems:
V834 Cen, ST LMi, MR Ser and RX1313-32 (covering 0.1-2.0keV).
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seen in the observation using the EX O SAT  LE (088), which shows an active bright 

phase and an extended faint interval. Perhaps most interestingly, for the first time 

with reasonable statistical quality in the X-ray band, these data  sample the rise phase 

between the bright and faint phases, and show it to be clearly resolved.

There are a number of differences between the data of Mason and King. On the 

macroscopic level. King’s data are brighter by a factor of ~ 2  than Mason’s data. In 

addition, the cycle-to-cycle morphology of the light curve is highly variable in King’s 

data. The first cycle to be observed by King (cycle 33181), is similar to  tha t of Mason’s 

in tha t the rise from the faint phase is very rapid (A 0  ~ 0 ,02) and thereafter the bright 

phase shows rapid fiuctuations in intensity. On other occasions there is a much less 

rapid rise from the faint phase (e.g. cycles 33184 and 33186). There is also a variation 

in the onset of the rise from the faint phase. In Mason’s data, the rise commences 

at ^=0.605, while in King’s data the rise commences at <^=0.56. Observations made 

using E X O SA T  show the rise commencing at 0=0.59. This phenomena was observed 

by Bailey Sz Cropper (1991) in blue light observations, where the rise from the faint 

phase was seen to vary by A 0 ~0.04 in the course of a few cycles. The descent from 

the bright phase was not observed in Mason’s data, but it was observed both in the 

data obtained using EX O SAT  and in King’s data to finish at 0=0.13.

There was no detection of UZ For in the W FC SIA filter (UZ For was observed in 

the SIA filter in the faint phase only), the 3a upper limit being 0.20 cts s“ ^using all 

available data.

Examination of figures 3.4 & 3.5 suggest a natural division of the PSPC light curve 

into four distinct regions, which are discussed in more detail below. These regions are 

refered to as the ‘faint phase’ between 0 ~0.3-0.6, the ‘bright phase’ between phases 

0  ~ 0 .65-0.10, the ‘rise phase’ lies between the faint and the bright phase and the ‘fall 

phase’ lies between the bright and the faint phase.
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Figure 3.4: UZ For: The individual PSPC data  segments of Mason (covering 0.1- 

2 .0keV) integrated into 10 sec bins.

3.4.2 The faint phase

In the faint phase of the orbit, there is a significant flux in the R O SAT  PSPC data. 

Making an image of the source from the faint phase segments of the PSPC data  of Mason 

give a mean flux of 0.0100±0.0025 cts s“ ^. The image shows UZ For to  be clearly visible 

with a  8 .3(7 detection above the sky background. In the PSPC data  of King, the mean 

faint phase flux was 0.0037±0.0007 cts s~^(6 .3(7 above the sky background) and again 

the image clearly showed UZ For to be visible. The 3(7 upper lim it in the S2A filter 

during the faint phase was 0.30 cts s~^.

Previous studies of UZ For (e.g. Bailey & Cropper 1991) suggest tha t the accre

tion region below the orbital plane is visible in X-rays during the bright phase. This 

present study has shown (for the first time in X-rays) th a t the flux is not completely 

extinguished in the faint phase which suggests there is a second, much weaker, emitting 

region. This region is probably above the disk plane so tha t it is visible when the other
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Figure 3.5; UZ For: The individual PSPC data segments of King (covering 0.1-
2.0keV) integrated into 10 sec bins.
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pole is hidden behind the white dwarf. Alternatively it may be a large heated region 

around the lower pole which never fully disappears.

3 .4 .3  T h e  r ise  p h a se

The quality of the PSPC data from UZ For permits a detailed search for structure in 

the light curve. Such structure is indeed visible as the source makes the transition from 

the faint to the bright phase. In the data of Mason, figure 3.4 shows tha t at the end of 

the faint phase, the PSPC fiux begins to rise slowly for an extended period (A ^ ~0.02) 

then climbs sharply to the bright phase. Mason’s data were tested to see if the slow 

rise is best characterised by a sudden transition to a constant intermediate level, or 

by a continuous brightening, by comparing a linear and constant fit to the rise phase 

data  in the folded light curve. For a constant level, %^=2.75 (55 degrees of freedom), 

while for a linear slope %2=1.66 (54). An F test indicates tha t the sloping trend is a 

better description of the data at 96.7% probability. Extrapolating this linear function 

to the PSPC flux during the faint phase provides an estimate of the phase at which 

the PSPC flux level begins to rise (<^=0.605). The duration of this slow rise is 260 secs 

after which the PSPC flux climbs in less than 50s to the bright phase level, starting at 

0=0.635. The rise interval was observed on two occasions in Mason’s data  and were 

essentially indistingusable. In the case of the data of King, the first cycle shows the rise 

morphology to be very similar to that of the Mason data. Later cycles show a much 

more extended rise interval leading up to the bright phase. This is the first time that 

such a structured accretion region has been observed. This slow rise structure was not 

detected in the EX O SAT  observation (088) due to the poorer statistical quality of the 

EXO SA T  data. The 3a upper limit in the S2A filter during the rise phase was 0.25 cts 

s - i .

The fact tha t the transition from the faint phase to  the bright phase is gradual 

(taking 260 sec in the case of Mason’s data) may imply tha t the source of this emission 

is spatially extended. It is unlikely to  be vertically extended, if current models that 

associate the EUV emission with the heated surface of the white dwarf are correct. 

The size of any spatially extended region is discussed more fully in chapter 4. Another
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possibility is a large region of emission around the accretion stream which accounts for 

the early rise phase, with a more luminous and probably hotter core where the bulk of 

the accretion is falling which gives rise to the more rapid rise phase and dominates the 

bright phase.

3 .4 .4  T h e  b r ig h t p h ase

The bright phase of the orbital cycle is characterised by rapid flickering on very short 

time scales (of the order of 10’s of secs) and sudden dips in intensity. Perhaps the 

most prominent feature occurs in the data of King where there is a very deep dip 

around (f> ~0.9. The dip’s duration is approximately constant (A<  ̂ ~  0 .02), but the 

phasing of the dip centriod varies with a dispersion similar to its width. A dip was 

seen in the E X O SA T  data at a similar orbital phase. The eclipse of the white dwarf by 

the secondary is seen during the bright phase and was observed on 5 occasions. The 

eclipse duration was 473±10 sec at half the eclipse intensity. This is consistent with 

the duration derived using EX O SAT  data (480±30 sec; 088) and the optical (471 ±8  

sec; Bailey & Cropper 1991).

In the bright phase the source was detected at the 2a level above the sky background 

in the S2A filter. The count rate was 0.0278±0.0142 cts s“ ^.

3 .4 .5  T h e  fa ll p h ase

The fall phase was seen in its entirety on 5 occasions. On each occasion the orbital 

phase of the start of the faint phase was found to be <f> ^-0.13. Although the variation 

in the morphology of the fall phase was not as dramatic as tha t of the rise phase some 

variation is seen which is probably due to flaring (i.e. the flare at cycle 33190.10).

67



3 .4 .6  T h e  ep h em er is

The eclipse of the white dwarf by the secondary star enables the period of the white 

dwarf to be determined very accurately. The data of King cover the whole of the eclipse 

region on 5 separate occasions, while the descent into eclipse is seen on one occasion in 

Mason’s data. The descent into eclipse is very rapid, taking j:$10 secs (similar to that 

in the blue part of the optical spectrum; Bailey & Cropper 1991).

The results of Allen et al. (1989) and Bailey & Cropper (1991) suggest tha t recent 

eclipse timings are not well described by a linear ephemeris, with residuals in excess 

of <^=0.006. Bailey k, Cropper suggest a quadratic fit may improve the residuals. The 

eclipse timing of Allen et al. is not in good agreement with the other data. This is 

due to  a typographical error in their paper (Allen, private communication). The true 

timing of the eclipse center in the data of AUen et al. is HJD=2447437.91927.

The new data obtained using R O SA T  provide an opportunity to improve the 

ephemeris. Table 3.1 shows the eclipse timings used in the analysis^. A linear and 

quadratic fit were made to the data, the results of which are shown in table 3.2. These 

show tha t the new linear fit is a much better fit to the data  than the linear ephemeris 

of Allen et al. (1989). Further, an F-test shows the quadratic fit is better than the new 

linear fit at the 97.7% confidence level. The residuals to the linear and quadratic func

tions are shown in figure 3.6. Although the quadratic ephemeris gives a significantly 

better overall fit compared with the linear function, improving the fit to  the first data 

point, it actually increases the residuals to the data obtained from the R O SA T  timings.

Secular changes in the orbital period of CV’s have been seen in a number of other 

systems (Pringle 1975, Bond k  Freeth 1988 and Warner 1988). These have shown a 

decreasing oihital period on a timescale of similar magnitude (but opposite sign) to that 

found for UZ For in this study (the quadratic term implies the orbital period of the 

system is increasing on a timescale of P f P= ~  1 X 10® years). Warner (1988) attributes 

cyclic changes in the orbital period seen in these CVs to  the solar-type magnetic cycle 

in the secondary star. It is more difficult to account for an apparent increase in the

^ T h e e c lip se  t im in g  o f  7 1 3 2 .9 3 6 (1 )  (F erra r io  e t  a l. 19 8 9 ) is  n o t  u se d  d u e  to  i t s  la r g e  error.
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Figure 3.6: UZ For: The residuals to the linear and quadratic ephemerides.

spin period of UZ For. The ephemeris of UZ For needs to be monitored further to 

determine the shape of the period variation more securely.

3.5 V V  Pup

VV Pup heis been known for over six decades (van Gent 1931), but it wasn’t until 

strong circular and linear polarisation were detected by Tapia (1977) tha t its AM Her 

nature was realised. VV Pup was discovered as an X-ray source using the EINSTEIN  

satellite (Patterson et al. 1984). The system has a bright state lasting A 0 ~0.5, while 

evidence for accretion onto a much weaker secondary pole has been seen in polarisation 

data  (Liebert et al. 1978, Liebert & Stockman 1979 and Piirola, Coyne & Reiz 1990). 

Subsequent observations of the cyclotron component gave magnetic field strengths of 

30.5MG and 56MG for the primary and secondary accretion regions respectively (Wick- 

ramasinghe, Ferrario & Bailey 1989). Patterson et al. (1984) observed a dip in the light 

curve at ~  0.95 whose center varied in its orbital phasing. They attributed this to 

the intervening accretion stream passing through our line of sight. Another feature of 

this system is the asymmetrical nature of the X -ray/optical bright phase (which has

69



HJD+2440000.0 Reference

5567.17697(16) Osborne et al. (1988)

6446.97317(16) M

7088.74191(30) Beuermann, Thomas & Schwope (1988)

7089.70837(30) 9)

7090.58715(12) 99

7091.55360(23) 99

7094.71672(23) 99

7097.79192(25) 99

7127.13880(30) Ferrario et al. (1989)

7127.22710(30) 99

7145.06370(6) 99

7437.91927(3) Allen (private comm)

7827.95413(6) Bailey & Cropper (1991)

7828.04199(6) 99

7828.12987(6) 99

7829.00844(6) 99

7829.09635(6) 99

7829.18421(6) 99

8482.72727(20) This work

8482.90310(20) 99

8483.34236(20) 99

8483.43023(20) 99

8483.60595(20) 99

Table 3.1: UZ For: The eclipse timings used in the ephemeris determination. The error 

in the last digit is shown in brackets.
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Fit Ephemeris

Linear 2445567.17649(14) +  0.087865429(6)E 3.07

Quadratic 2445567.17683(15) -k 0.087865375(13)E -)- 1.7(3) x lO 'i^E ^ 1.23

Allen et al. (1989) 2445567.17622(13) -H 0.087865458(7)E 25.6

Table 3.2: UZ For: The ephemeris determined from a linear and quadratic fit along 

with the ephemeris of Allen et al. (1989) for comparison.

been seen in some observations) and the rapid decline from the bright phase (Crop

per Sz Warner 1986, Piirola, Coyne & Reiz 1990). Cropper Sz W arner (1986) discuss 

the possible cause of this steep decline and conclude tha t although an eclipse by the 

secondary star is unlikely, it cannot be ruled out.

3 .5 .1  T h e  o b serv a tio n s

Figure 3.1 shows the PSPC light curve integrated into 30 sec bins (covering 0 .1- 2 .0keV) 

and folded on the ephemeris of Walker (1965), while figure 3,7 shows the individual 

PSPC data sections. The folded light curve of VV Pup is asymmetrical and similar to 

tha t seen by others (e.g. Patterson et al. 1984). There is evidence for a dip in the light 

curve at <f> ~0.95, similar to tha t reported by Patterson et al. (1984). To confirm the 

dip is due to an absorption efifect, light curves were obtained from the soft (0.1-0.3keV) 

and the hard (1.0- 2 .0keV) spectral bands (figure 3.8). While a dip in intensity is seen 

in the 0.1-0.3keV band, a dip is not present in the 1.0- 2 .0keV band, although the 

1.0- 2 .0keV band data has a significant amount of noise.

The length of the faint phase {A<f>= 0.51±0.01) is less than tha t reported by P a t

terson et al. (1984) (A 0= 0.56). However, the transition from the bright phase to the 

faint phase occurs at <f) ~ 0.20 in both sets of PSPC data presented here and in the data 

obtained using EINSTEIN  (Patterson et al.). This phenomena in which the orbital 

phase of the rise from the faint phase varies but the orbital phase of the start of the 

faint phase is constant is similar to tha t observed in UZ For.

The R O SAT  PSPC data were taken quasi-simultanously with the W FC SlA  and
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S2B filter data. The source was quite bright in the SIA filter, reaching a peak of 

cts s“ ^in the bright phase. Figure 3.9 shows the SIA light curve as a function of time 

and while the phase folded and binned light curve is shown in figure 3.8. There is no 

strong evidence for a dip in the SIA light curve at 0.95, whereas there is a dip 

at this phase in the soft X-ray light curve. It is possible tha t the dip is not seen in 

the SIA data  due to the poorer time resolution of the SIA light curve (increasing the 

time resolution would result in a decrease in the signal-to-noise ratio). The W FC S2B 

filter data  were taken over a much shorter time interval than the SIA data  (1320 sec ajs 

opposed to 14228 sec for the SIA filter) and covers the faint phase and the rise phase. 

VV Pup was detected at the 2 .9(7 level above the sky background in the S2B filter.

Examination of figure 3.7 suggest a natural division of the PSPC light curve into 

four distinct regions, which are discussed in more detail below. These intervals are 

refered to as the the ‘faint’ phase between <f> =<^0 .2- 0 .7, the ‘rise phase’ phase between 

4> =~0.7-0 .8 , the ‘bright phase’ between <f> =^0 .8-1 .1  and the ‘rapid decline’ phase 

between </> = ~ 0 .1- 0 .2 .

3 .5 .2  T h e  fa in t p h ase

Any significant flux detected during the self-eclipsed phase when the accretion region 

is obscured from view is expected to originate either from the secondary pole or from 

a large heated region around the main pole which never fully dissappears from view. 

PSPC data obtained from the faint phase give a mean background subtracted intensity 

of 0.208 ±0.005 cts s“ ^. This very significant detection (121<t above the sky background) 

is much more significant than the observation of Patterson et al. (1984) who found 

a ‘weak’ detection during the faint phase from observations made using EINSTEIN. 

Patterson et al. concluded it was highly probable tha t the secondary, much weaker 

pole, was observed during the faint phase. This view is consistent with the polarisation 

data  of Liebert et al. (1978) and others.
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Figure 3.7; VV Pup: The folded light curves of the individual segments of PSPC data 

(covering 0.1-2.0keV) integrated into 30 sec bins.

3 .5 .3  T h e  r ise  p h a se

From the data  which adequetely samples the rise phaae range, (1 data  segment), the 

rise from the faint phase commences a t (f> ~0.70. This is <f> ~0.05 cycles earlier than 

reported by Patterson et al. (1984).

3 .5 .4  T h e  b rig h t p h ase

The bright phase shows extensive flaring typical of AM Her systems (e.g. a modulation 

of ~40% in cycle 296181). The most interesting feature in the bright phase is, however, 

the dip at <f> ~0.95 which has been attributed to absorption (Patterson et al. 1984). 

There is evidence for a shift in the center of the absorption dip during the observation 

made using the PSPC. The first dip to be observed using ROSAT was centered at cycle 

296173.97, while a cycle later there are two dips centered a t ^=0.92 & 0 .95 . One cycle 

later, the dip commences at phase <^=0.95. This is consistent with the observation made
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Figure 3.8: VV Pup: The folded light curve covering W FC SIA band (bottom  panel), 
the 0.1-0.3keV PSPC spectral band (middle panel) and the 1.0-2.5keV spectral band 
(top).
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Figure 3.9: VV Pup: The W FC SIA light curve as a function of orbital cycle.
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using EIN STEIN  (Patterson et al. 1984) which showed the center of the dip varied by 

at least 0.01 cycles. D ata obtained using RO SAT  show a dip less deep than in the 

observation made using EINSTEIN  where the dip nearly extingushed the flux. As the 

secondary pole is not bright enough to cause this difference (even if it was visible at these 

phases), it is possible that the accretion stream has changed its apparent orientation 

such tha t the accretion region is only partially obscured by the accretion stream when 

it was observed using RO SAT  while it was almost completely obscured when observed 

using E IN STE IN

3 .5 .5  T h e  rap id  d ec lin e  p h ase

The rapid descent from the bright phase was observed on two occasions using the PSPC. 

From these limited data, it possible to observe that the decline from maximum is much 

more rapid than the rise to maximum (<f> ~0.05 for the decline compared with <{> ^0.2 

for the rise). The start of the faint phase (^  ~0.20) is similar to tha t seen in X-rays 

(Patterson et al. 1984) and the optical (Cropper & Warner 1986).

3.6 EK U M a

EK UMa (1E1048.5-I-5241) was discovered during the EIN STEIN  survey and was sub

sequently identified with a star of U ~  19 -  one of the optically faintest AM Her stars 

known (Morris et al. 1987). Its AM Her classification was confirmed by the detection 

of strong (~20%) negative circular polarisation (Morris et al.). It shows an extended 

faint phase ( A</> <^0.35) typical of a two-pole system. The bright phase is cut by a deep 

dip thought to  be caused by the accretion stream passing through our line of sight to 

the accretion region.
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3 .6 .1  T h e  o b serv a tio n s

Figure 3.1 shows the PSPC light curve integrated into 50 sec bins (covering 0.1-2.0keV) 

and folded on the ephemeris of Morris et al. (1987), while figure 3.10 shows the individ

ual PSPC data segments. The most striking feature is the very prominent set of dips 

visible in the bright phase. The first of these dips (0 ~0.55) is of very short duration 

(A t  r^80 secs). The dip centered around 0 '̂O.T is of longer duration and shows fluc

tuations over the dip profile (the source was positioned off-axis so occultations by the 

support wires of the PSPC cannot be the source of these fluctuations -  c.f. chapter 2). 

The number of dips and their profile suggests the accretion stream is highly structured.

While the uncertainty in the ephemeris of Morris et al. (1987) rules out a direct 

comparison betwen the phasing of features in the optical light curve of Morris et al. 

and the observations obtained using RO SAT, it is possible to compare the morphology 

of the light curves. The duration of the faint phase in the optical light curve obtained 

in 1985 was A 0 =  0.29 ±  0.02, while in the X-ray light curve obtained using ROSAT, 

A 0 =  0.38 ±0 .02 .

The source over the faint section from 0 <>^0.0-0.3 does not show a significant 

detection; the count rate (over 0.1-2.0keV) is 0.005±0.001 cts s“ ^(2.2a above the sky 

background). The bright phase has a mean intensity of ^^6 cts s"^and shows flickering 

typical to  that seen in other AM Hers. The source was detected at the 7.3(7 and 1.2a 

level above the sky background in the SIA and S2B filter of the W FC respectively.

3.7 R E 1149+28

RE1149+28 was discovered during the ROSAT WFC all sky survey (Pounds et al. 1993) 

and was tentatively classed an AM Her system on account of its EUV properties, optical 

photometry and spectroscopy (M ittaz et al. 1993). Follow up polarimetric observations 

(Mason et al. private communication) found the optical emission to be polarised, 

confirming its AM Her classification. M ittaz et al. found evidence for either a 90 min 

or 103 min binary period. In addition, they found an unusually large EUV to optical
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Figure 3.10: EK UMa: The folded light curves of the individual segments of PSPC 

data  (covering 0.1-2.0keV) integrated into 20 sec bins.

flux ratio.

3.7.1 The observations

The unfolded time series of RE1149+28 using PSPC data shows clear signs of an ex

tended faint phase together with a prominent bright phase, typical of a two-pole system. 

The period search algorithim described by Garlick et al. (1994) was used to establish 

the best fit period. Briefly, this folds data  on a number of test periods according to a 

weighted mean which accounts for fluctuating errors. Each folded dataset is fitted with 

a least squared sinewave and the ratio of the sinewave amplitude to its uncertainty 

is greatest for well defined variations. The maximum amplitude gives the most likely 

period. This test is useful for datasets with gaps (which is the case in almost all PSPC 

observations). Figure 3.11 shows the amplitude as a function of period and indicates 

a maximum amplitude at 89.8 mins; this is consistent with the 90 min period derived 

from the W FC survey data (M ittaz et al. 1993). Figure 3.1 shows the data integrated 

into 90 sec bins and folded on a period of 89.8 mins (arbitarily phased) while figure
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3.12 shows the individual segments of data (the cycle numbers are axbitary). Although 

the folded light curve is typical of a two-pole system, the individual data  sections are 

highly variable.

3.7.2 The faint phase

The source during the faint phase has an intensity consistent with zero: -0.0018± 0.0019 

cts s " i. This observation implies that the secondary pole produced no observable flux 

at this epoch.

3.7.3 The rise phase

The rise from the faint state takes place over an extended period of time. There is no 

rapid increase in intensity after the extended faint phase as observed in some of the 

orbital cycles of UZ For. Further, these observations show the transition from the faint 

to  the bright phase to vary considerably (</>= 0.39-0.52). It is unclear at which point 

in the orbital cycle the transition from the bright phase to the faint phase occurs as a 

number of the data  sections were of very short duration. Because of the broken nature 

of the light curve, it is not possible to associate the beginning and end of the bright 

phase in a single cycle. This large cycle-to cycle variation does not allow an ephemeris 

to  be determined with any degree of accuracy.

3.7.4 The bright phase

The morphology of the bright phase is irregular, showing mini-flares on timescales of 

A<̂  <~0.03 and more. The peak intensity in the bright flares is ~7  cts s“ ^. It is a very 

soft source -  the mean background subtracted count rate over the 0.5-2.0keV spectral 

band is 0.000d: 0.009 cts s“ .̂

O ne-Pole system s
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Figure 3.11: RE1149+28: The results of the period search of the PSPC data. The peak 

amplitude corresponds to a period of 89.8 mins.
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Figure 3.12: RE1149+28: The folded light curves of the individual segments of PSPC 

data  (covering 0.1-2.0keV) integrated into 60 sec bins.
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3.8 B Y  Cam

BY Cam (H0538+608) was discovered using the HEAO-1 satellite (Remillard et al. 1986) 

and is one of the most enigmatic of all polars. Mason, Liebert & Schmidt (1989) used 

the timing of sharp changes in the circular polarization over a period of several days to 

obtain a spin period of 3.322171±0.000014 hrs. This is 1.3% shorter than the orbital 

period (3.365 hrs; Silber et al. 1992). Piirola et al. (1994) obtained a revised ephemeris 

using timings of the circular polarisation dip over a 5 year period and found a period 

of 3.3308184±0.0000033 hrs. These data also suggest a quadratic term with a value 

~  2.26 X day. The spin period determined by Piirola et al. is shorter by 1.0%

compared to the orbital period. If confirmed, BY Cam would be the second known 

asynchronous polar after V1500 Cyg (Nova Cygni 1975, e.g. Horne & Schneider 1989). 

This view is strengthend by observations made using lU E  which revealed very unusual 

line ratios which are similar to those seen in V1500 Cyg. As such, BY Cam is im portant 

from an evolutionary point of view.

The interpretation of the light curve of BY Cam is complicated by a number of 

factors:

• If BY Cam is asynchronous, then it is to be expected tha t the accretion flow 

along the magnetic field lines will be complicated with frequent changes in the 

dominant pole as the secondary star will move relative to the magnetic field of 

the primary.

• Observations by Piirola et al. (1994) imply a change in the geometry of the system. 

One possible explanation which they suggest is precession of the white dwarf on 

a time scale of 100-150 days.

The spin period is difficult to determine because of the occasional very large cycle- 

to-cycle variations in both the photometric and polarimetric light curves. These varia

tions are thought to be caused by accretion onto two poles (both located on the same 

hemisphere) in which each spot contributes oppositely polarized cyclotron emission 

which changes in both proportion and time. Piirola et al. (1994) find evidence for a
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third pole located on the other hemisphere from the dominant poles which they claim 

indicates the magnetic field is possibly more complicated than a simple dipole. If the 

main accretion poles are polarised to an approximately equal and opposite degree then 

the overall polarisation will be small. Indeed, Piirola et al. 1994 finds linear polarisation 

is < 1% (very low for an AM Her system).

3.8.1 The observations

Figure 3.13 shows the individual sections of RO SAT  PSPC data  (covering 0 .1- 2 .0keV) 

where the ephemeris of Piirola et al. (1994) has been used and the timings have been cor

rected using the quadratic term (which amounts to -1-0.056119 days =-|-0.4044 cycles). 

These data show quite large cycle-to-cycle variations in the light curve morphology. 

The most prominent example of this is around ^  ~ 0 .1- 0.2 in cycles 15770 and 15771. 

In cycle 15770 the mean intensity is very low (~0.15 cts s~^) while in the following cycle 

the mean intensity is greater by a factor of ^^60 (~10  cts s~^) with very prominent flar

ing, e.g. the intensity is seen to double on a time scale of less than 20 secs. By the time 

BY Cam was next observed at this phase (cycle 15784) the flux had reverted to its low 

flux state. During the rest of the observation the flux is very low between <f> ~ 0 .05-0.40 

(~ 0.2 cts s~^), while the mean flux between (f> ~ 0 .7-1.0 is ~ 4  cts s“ ^(although there 

is a good deal of flickering). (Observations between cycles 15749-15751 were made 

oflf-axis, so were not affected by periodic occultations by the wires in the PSPC as the 

later observations were; c.f, chapter 2). The source was not detected in either filter of 

the W FC; the 3<t upper limits were 0.039cts s~^and 0.083cts s“ ^for the SIA and S2B 

filters respectively.

3.8.2 The folded light curve

Figure 3.14a shows the PSPC data folded on the ephemeris of Piirola et al. (1994) 

(including the quadratic term) where all the PSPC data has been used except data 

from the period of very bright flaring seen in cycle 15771. Figure 3.14b Sz c shows the 

data  obtained using the EX O SAT L E  and M E  detectors folded in the same way; the
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Figure 3.13: BY Cam: The PSPC data (from the 0.1—2.0keV band) for the individual 

sections folded on the ephemeris of Piirola et al. (1994) where the quadratic term  has 

been included.
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Figure 3.14: BY Cam: a): the RO SAT  data folded on the ephemeris of Piirola et 

al. (1994); b): the E X O SA T  LE light curve from 1985 day 281 folded as above and c) 

the E X O SA T  ME light curve from 1985 day 281 folded as above. The quadratic term 

has been included in each case.

quadratic term  amounted to +0.000508 days (=+0.0036 cycles). The main feature of 

these data  is the dip seen at <f> ~ 0 .6- 0.8 in the LE detector which is not seen in the 

ME detector. This points to the dip being due to absorption. Unfortunately, in the 

R O SA T  data  there is a gap covering (j) =  0 .6- 0 .7 which partially covers the phase at 

which the dip is seen using the E X O SAT L E . However, there is no evidence for a dip 

in the R O SA T  data  around <f> ~0.7-0.8. The highly variable nature of the RO SAT  

light curve makes comparison between the R O SAT  and EX O SAT  light curves very 

uncertain. Because of the factors mentioned above, they cannot be taken as evidence 

for a poor fit to the quadratic ephemeris of Piirola et al. (1994).
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3.8.3 Is there evidence for asynchronicity?

Comparing the most recently determined orbital and spin periods suggest they differ by 

1.0%. The data were searched for evidence of a beat period. A beat period is expected 

to be found at:

Taking, the orbital period, Porb= 3.365±0.005 days (Silber et al. 1992) and the spin 

period, Pspin= 3.3308184±0.0000033 hrs (Piirola et al. 1994), P^o( = 1.674 or 327.903 

hrs. If the white dwarf spin is not retrograde, any observed beat period is expected to 

be the negative orbital sideband. However, the negative orbital sideband (327 hours) 

is far in excess of the time sampled in either the RO SAT  or EX O SA T  observations. A 

beat period of 1.674 hours would result from the positive orbital sideband, but there 

is no evidence for a period of this length in either the RO SA T  or the EX O SA T  data. 

The presence of asynchronisity cannot thus be confirmed.

Shrader et al (1988) found a period of 1.67 hours in low resolution optical spectra 

taken in Nov 1985 which is the period expected from the positive orbital sideband. 

However, this would imply that the white dwarf spin is retrograde. Mason & Chan- 

mugam (1992) report preliminary results which suggest tha t white dwarf spin period is 

lengthening by ~ 0.1 sec per year. This implies that it is highly unlikely tha t the white 

dwarf spin is retrograde and tha t the 1.67 hour period is not a beat period. Shrader et 

al suggest tha t the 1.67 hour period could be due to accretion onto a second accretion 

pole which undergoes transitions between a low and a high state.

3.9 EF Erl

EF Eri (2A 0311-27) was discovered as an X-ray source (Cooke et al. 1978) and sub

sequently identified with an optical counterpart (Williams et al. 1979, Griffiths et 

al. 1979). Optical spectra and polarisation measurements by Tapia (1979) confirmed 

EF Eri as a AM Her system. Observations made using EIN STEIN  showed an X-ray
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light curve typical of a one-pole system with a deep dip due to absorption (Beuermann, 

Stella & Patterson 1987). Beuermann et al. postulated a complex accretion region 

offset from the magnetic pole by 20°-25°. The rotation of these emission regions and 

their partial occulation by the white dwarf is the source of the X-ray light curve modu

lation. QPOs of a timescale of 6 mins were seen which were well correlated in soft and 

hard X-rays indicating a common origin which was consistent with the standard model 

of the accretion region (c.f. chapter 1). Polarimetery of EF Eri shows th a t changes 

in the geometry of the main accretion region have taken place (Piirola, Reiz & Coyne 

1987b and references therein). Evidence for a secondary accretion region which peaks 

in emission in the IR is given by Piirola et al. (1987b).

3 .9 .1  T h e  o b s e rv a t io n s

Figure 3.2 shows the PSPC data (covering 0 .1- 2 .0keV) integrated into 40 sec bins folded 

on the ephemeris of Bailey et al. (1983), while figure 3.15 shows the individual PSPC 

data  sections phased on the above ephemeris. Figure 3.16 shows the light curves cover

ing the soft (G.l-0.3keV), the hard X-ray (0.5-2.0keV) and the EUV (0.006-0.lllk eV ) 

energy bauds.

The folded light curves are similar in shape to tha t seen using EIN STEIN  (Beuer

mann et al. 1987) and EX O SAT  (Mason 1985). The absorption dip at ^ = 0.0 is clearly 

the result of absorption since the descent and emergence from the dip is much steeper 

in soft than hard X-rays (the descent takes ^40 secs in soft X-rays as opposed to ~100  

secs in hard X-rays). The profile over the dip center is much flatter in soft X-rays 

than hard X-rays. The center of the eclipse is <f>= 0.03 where as the ephemeris defines 

(^=0.00 as the center of the IR eclipse. Beuermann et al. found tha t the IR and X-ray 

timings agree to within 30 secs, although a small jitte r maybe present in the IR and 

X-ray minima. Using the formal errors to the ephemeris of Bailey et al. (1983), the 1er 

error in the phasing at the time of the RO SAT  observation is 0=  0.025. It must be 

concluded tha t the results presented here are consistent with the ephemeris of Bailey 

et al. (1983). The light curve from the 0.1-0.3keV spectral range (figure 3.16b) shows 

evidence of flaring on timescales shorter than 40 sec, while the light curve 0.5-2.0keV
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Figure 3.15: EF Eri: The folded light curves of the individual segments of PSPC data 

(covering 0 .1- 2 .0keV) integrated into 40 sec bins.

spectra band shows much less evidence for such flaring.

D ata obtained using the W FC SIA filter show a light curve very similar to  tha t 

obtained using the PSPC (c.f. figure 3.16). The dip at <l> ~0.0 is not as well defined as 

in the PSPC light curve since the effective resolution is not eis high.

3.10 AM  Her

AM Her (3U18G9+50) was discovered by Wolf in 1924, and later identified as the op

tical counterpart of an X-ray source observed using Ariel 5 and SA S  3 (e.g. Hearn &
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Richardson 1977 and Szkody Sz Brownlee 1977). It has since been observed extensively 

at all wavelengths. Observations made using EINSTEIN  in 1979 showed the soft and 

the hard X-ray light curves to be in phase (Heise et al. 1984). When it was observed 

using EX O SA T  in 1983 August the soft and hard X-ray light curves were in anti-phase 

(Heise et al. 1985) -  this was called its ‘reversed’ mode. Heise et al. suggested that 

when in its ‘norm al’ mode, most of the hard and soft X-rays are generated near the 

primary pole (visible from (j) ~ 0 .3-1.1) and tha t cyclotron emission is generated at the 

secondary pole (visible from (f> ~0.0-0.3). In the reversed mode, soft X-rays are pro

duced near the secondary pole due to an enhanced accretion rate. Wickramasinghe et 

al. (1991) modelled polarisation data and concluded tha t both the main and secondary 

accretion region were extended. The main accretion region is visible throughout the 

cycle, although a bright spot at one end of the accretion region is occasionally self

eclipsed by the white dwarf. The secondary region, on the other hand, is only visible 

from <f) ~0.0-0.3.

3 .1 0 .1  T h e  o b serv a tio n s

Observations using the PSPC were made at two distinct epochs. In the first observation 

starting on 1991 April 12, AM Her was observed to be in an extremely active and high 

state with the peak intensity reaching <^700 cts s“ .̂ The second observation starting 

on 1991 Sept 14, found AM Her to be much less bright, with a peak count rate <̂ 2 cts 

s“ ^

3 .1 0 .2  T h e  h igh  s ta te

AM Her was found to be in a very active and high state during the observations made 

between 1991 April 12-13. The overall shape of the light curve (figure 3.2) folded 

on the ephemeris reported in Heise h  Verbunt (1988) is similar to tha t seen in AM 

Her’s ‘normal’ mode (figure 3.18) and shows quite remarkable flaring. Comparison 

of figures 3.17a (which shows the phased binned PSPC light curve) and 3.17d (which 

shows the reversed mode observed using EXOSAT) indicates the primary pole was
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dominant during these observations made using ROSAT. The much lower flux observed 

at <f> <~0.00-0.15 is thought to be due to a partial self-eclipse of the primary accretion 

region (e.g. Heise et al. 1985 and Wickramasinghe et al. 1991). However, a flux of the 

order of ~ 10% of the peak flux is observed (similar to tha t found using EXO SAT). In 

addition, small scale flares are seen in the partial eclipse phase (e.g. cycle 41451). The 

mean peak intensity is comparable to tha t observed using EINSTEIN  and EX O SAT  

assuming a spectrum with spectral parameters kTbb= 26 eV and N h  =  5.7 X 10̂ ® 

cm“ ^(see chapter 5) and folding it through the appropriate instrum ental responses.

Figure 3.19 shows the individual PSPC segments integrated into 10 sec bins and 

phased on the ephemeris reported by Heise Sz Verbunt (1988). There are several ex

amples of flares of very short duration, (e.g. cycle 41453.632 and 41455.708), but the 

most remarkable is the rise in the flux by a factor of 2 at cycle 41458.795 lasting ~10 

secs. Flaring on this short time scale and with such statistical quality has never been 

seen in any AM Her object before.

The contemporaneous phase folded WFC SIA light curve is shown along with the 

PSPC data in figure 3.17. Although the statistical quality of the W FC data  is not as 

high as the PSPC data, the general morphology is similar, with a relatively low flux 

around (f> ~ 0 .0- 0 .1, rising during the remainder of the orbital cycle.

3 .1 0 .3  T h e  in te r m e d ia te  s ta te

When AM Her was next observed using R O SAT  155 days later (1991 Sept 14), the 

mean flux had dropped by a factor of <~400 to ~0.5 cts s“ .̂ Luminosities lower than 

this were seen at several epochs using EXOSAT: thus I conclude tha t AM Her was in 

an intermediate state in 1991 Sept. 14. The general shape of the high and intermediate 

state light curves are very similar, indicating tha t AM Her was in a ‘norm al’ mode 

during the intermediate state (c.f. figure 3.17). The indivdual PSPC data segments 

(shown in figure 3.20) show evidence of flaring, although on a smaller scale than in the 

high phase observations (i.e. at cycle 42666.36). No W FC observations were obtained 

during this state.
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Figure 3.17: AM Her: The light curve of AM Her during: a) the RO SAT  PSPC high 

state data; b) the ROSAT W FC SIA filter high state data  integrated into 280 sec bins; 

c) the RO SAT  PSPC intermediate state data phase binned and d) during its ‘reversed’ 

mode observed using EXOSAT.
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Figure 3.18: AM Her: The light curve of AM Her obtained using EIN STEIN  showing 

the ‘normal’ mode (tahen from Heise et al. 1984).

3.11 W W  Hor

W W  Hor (EXO 023432-5232.3) was discovered using EX O SA T  and later identified with 

a V ^19 variable star (Beuermann et al. 1987). These optical observations together with 

polarisation data, indicated th a t W W  Hor is an AM Her system which shows an eclipse 

of the white dwarf by the secondary star (Bailey et al. 1988). Bailey et al.show the 

eclipse to be well defined with a duration of 469 secs (A0=O.O677). The eclipse was not 

seen in the data  obtained using E X O SA T  because of the relatively poor time resolution 

obtained for this faint object.

3 .1 1 .1  T h e  o b serv a tio n s

Figure 3.2 shows the PSPC data integrated into 200 sec bins and phase folded on the 

ephemeris of Bailey et al. (1988). The light curve is typical of a one-pole system with 

a bright phase lasting <f> ~ 0.6 cycles. The eclipse of the white dwarf by the secondary 

star is well seen at 0=0.0. The duration of the eclipse a^ measured at half the depth of 

the eclipse is 443±42 secs (A 0=  0.064±0.006), consistent with the optical data  (Bailey 

et al. 1988). In the optical, the ingress and egress is about 7 secs. Due to the faintness 

of the source in X-rays, it was not possible to make an accurate determination of the 

ingress and egress time in X-rays.
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Figure 3.19: AM Her: The folded light curves of the individual segments of PSPC data  

during the high state (covering 0 .1- 2 .0keV) integrated into 10 sec bins.
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Figure 3.20: AM Her: The folded light curves of the individual segments of PSPC data 

in the intermediate state (covering 0 .1- 2 .0keV) integrated into 20 sec bins.
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W W  Hor was in an intermediate state during the observations made using RO SAT  

on 1992 July 21-23. Optical observations obtained one week after the R O SA T  obser

vations show the object was fainter by a factor of ~3.5 than when it was observed on 

1987 Nov 12 (Bailey et al. 1993). The shape of the near contemporary X-ray and 3400- 

5300Â band light curves are very similar although the soft X-ray data shows a more 

rapid accent/decent to/from  the bright phase. This is consistent with soft X-rays being 

the dominant source of radiation in the accretion region. Using the spectral parameters 

derived in chapter 5, the RO SAT  peak flux (~0.15 cts s“ ^) was lower by a factor of 

5 compared with the peak flux observed on 1983 Sept 6 when it was observed using 

EX O SA T  (Beuermann et al. 1987).

3.12 BL H yi

BL Hyi (H0139-68) was discovered as an X-ray source using HEAO-1 and identified 

with an optically variable star by Agrawal et al. (1983). Polarisation studies by Bai

ley et al. (1982) and Visvanathan & Tuohy (1983) confirmed its AM Her classification. 

Optical photometry showed BL Hyi to be a typical one-pole system with a faint phase 

lasting ~0.3 cycles. Piirola, Reiz & Coyne (1987a) found evidence for circular polar

isation during the fainter phase, indicating the presence of a weaker secondary pole. 

Observations of BL Hyi in a faint state (Beuermann &: Schwope 1989; BS89 hereafter) 

showed X-ray emission originating from the main pole ((/> ~ 0 .0-0.4), while in its inter

mediate state, fiare-like emission was seen from the secondary pole (^  ~0.4-1.0).

3 .1 2 .1  T h e  o b serv a tio n s

Figure 3.3 shows the light curve constructed using all the PSPC data  folded on the 

ephemeris of BS89. Figure 3.21 shows the individual PSPC data segments lasting 

longer than 0.05 cycles. Large flares are seen in data which have an otherwise much 

lower flux. To compare the brightness of BL Hyi when it was observed using the 

RO SA T  PSPC and the EX O SAT  LE, a model spectrum consisting of a blackbody with 

kTbb=21 eV, a therm al bremsstrahlung with kTtb=20keV and N h  =  4 x  10^^ cm~^(see
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chapter 5), was folded through the instrum ental responses of the two detectors. In the 

observation made on 1984 July, BL Hyi showed a mean intensity of ~0.004 cts s“ ^over 

the bright phase using the EXO SAT L E  (BS89). This corresponds to an equivalent 

count rate of ~0.025 cts s~^in the RO SAT  PSPC over 0 .1- 2 .0keV. Similarly, using the 

above spectrum, a count rate of 1.5 cts s"^observed using the EIN STEIN  IPC during 

a high state gives an equivalent count rate of 4.6 cts s“ ^in the R O SA T  PSPC. This 

implies tha t BL Hyi has been seen in both a lower and brighter state than when it 

was observed using R O SAT  and tha t it was in a intermediate state for most of the 

observation using RO SAT, while the flares were brighter than the mean peak intensity 

observed in the high level by a factor of 2- 10.

Figure 3.22 shows these flares to be observable in both soft and hard X-rays. There 

are, however, differences in the relative strengths of the soft and hard components: 

at 0  ~ 0 .2 , a hard component is present, likewise at (p ~0.8. In contrast, the active 

period at <f> ~0.6 visible in soft X-rays is not seen in hard X-rays. Comparison of 

the intermediate state light curve obtained using the EX O SAT  LE (BS89) and the 

R O SA T  PSPC light curve is interesting in a number of respects (figure 3.22). The 

flare occuring at 0  0.15-0.30 is coincident with the bright phase observed during

in the E X O SA T  observation implying the flare may have originated from the primary 

accretion region. The flares seen at 4> <^0.50-0.65 and <f> ~  0.75-0.80 coincide with 

bursts in activity in the intermediate state observed using EXO SAT, although they are 

much more intense. BS89 suggest these ‘flares’ originate from the secondary accretion 

region. D ata taken from the lower level RO SAT  data  (i.e. excluding the bright flares) 

show a bright phase over (p ~ 0 .15-0.35 similar to tha t seen in the high state, indicating 

accretion is still occuring, albeit at a lower rate (figure 3.22d). There is also a suggestion 

of secondary peak in the flux at 0=0.62. If genuine, this peak coincides with emission 

from the secondary accretion region, indicating tha t accretion was still occuring at the 

secondary pole even in the intermediate state.

Cropper (private communication) has unpublished optical data  taken in 1982 July 

which shows a flare lasting ~3mins when it was in a low state, indicating tha t these 

events may not be uncommon. Indeed similar flare events have been seen in RE1938- 

461 using E W E  (Warren et al. 1993). Flares which had intensities an order of magni
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tude greater than the low state and A(j> '^0.4 in duration were seen in an otherwise low 

state. Warren et al. suggest these flare like events are caused by:

• Dense filaments of material accreting onto the white dwarf photosphere,

• and, or, flares from the secondary star.

Warren et al. (1993) determine the mass of the accreting flare to be ~  lO^^g -  rv3 

orders of magnitude greater than the flares seen in BL Hyi using RO SAT  (c.f. chapter 

6). It is possible that a similar mechanisim is producing the flares seen in BL Hyi 

although the to tal mass of the filaments is smaller (perhaps due to  a smaller secondary 

magnetic field or other factors).

Contemporaneous data using the W FC SIA filter were also obtained (figure 3.22c). 

The folded data shows flares which at first appear out of phase with respect to the 

PSPC data, i.e. the high intensity point at <f> ~0.9 in the SIA data does not have a 

corresponding bright point in the R O SAT  PSPC data (c.f. figure 3.22a). However, 

as the W FC data were not always simultaneous with the PSPC, direct comparison 

is not always appropriate, expecially when dealing with an under sampled light curve. 

Comparing the intensity of the PSPC and W FC SIA data as a function of cycle number 

indicates tha t at least 2 other flares occured over this period when BL Hyi was not 

observed using the PSPC.

3.13 D P  Leo

DP Leo (E1114+182) was discovered using EINSTEIN  and later identified as an AM 

Her system from polarisation studies (Biermann et al. 1985). It was the first eclips

ing AM Her system to be discovered, although its faintness has made detailed study 

difficult. Emission from a secondary pole was seen by Cropper & Wickramasinghe 

(1993) who determined magnetic field strengths of 59 and 30.5MG for the secondary 

and primary accretion regions respectively.
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Figure 3 .21: BL Hyi: The folded light curves of the individual segments of PSPC data 

(covering 0.1-2.0keV) integrated into 40 sec bins. Segments of data  covering less than 

0.05 cycles in length have been excluded in the interests of clarity.
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Figure 3.22: BL Hyi: The folded light curve using observations from a) the R O SAT  

PSPC (covering 0.1-0.3keV) integrated into 40 sec bins folded on the ephemeris of 

BS89; b) cls a) but covering 0.5-2.0keV and integrated into 120 sec bins; c) the RO SAT  

W FC SIA filter integrated into 340 sec bins folded as in a); d) the R O SA T  PSPC data 

w ith intensities < lc ts  s"^phase binned as in a) and e) the E X O SA T  LE data  folded as 

in a) when BL Hyi was in an intermediate state (1985 day 274).
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Figure 3.23: DP Leo: The individual data sections folded on the ephemeris of Biermann 

et al.(1985).

3 .1 3 .1  T h e  o b serv a tio n s

Figure 3.2 shows the data integrated into 50 sec bins and folded on the ephemeris of 

Stockman et al. (1994) (who define the eclipse center as </>=0 .0), while figure 3.23 shows 

the individual data  sections phased similarly. The eclipse width at half height in the 

UV and optical is A</> <^0.045. The eclipse is much less prominent in X-rays than it is 

in the UV or optical. However, the eclipse duration of A<̂  =  0.04 in the R O SA T  PSPC 

data  is consistent with the optical and UV measurements.

The shape of the RO SAT  PSPC light curve is similar to tha t obtained using EIN

STE IN  (Biermann et al. 1985). Further using an absorbed blackbody spectrum with 

A;T^=30eV and N h  =  5 x  10̂ ® cm“^to define the count rate to flux conversion it is 

found tha t DP Leo was of a similar brightness at the epoch of the observations made 

using R O SA T  and EINSTEIN.
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3.14 A N  UM a

AN UMa was first detected in soft X-rays using the SAS 3 satellite (Hearn & Mar

shall 1979) and showed a modulated light curve typical of AM Her stars. It was subse

quently observed using EIN STEIN  (Szkody et al. 1981) and EX O SAT  (Osborne 1988). 

The period is 114.8 mins and the most recent ephemeris is th a t given by Bonnet-Bidaud 

et al. (1992) (BB92 hereafter). This ephemeris differs from the earlier one of Liebert 

et al. (1982) in tha t it is based on radial velocity studies and takes phase zero as the 

blue-to-red 7 crossing time, instead of the time of the linear polarisation pulse peak. 

D ata obtained using EX O SAT  show a broad peak in the light curve at 0= 0 .5-0 .6 and 

another sharper peak at <f> ~0.04 cut by two deep dips. The dips occur at 0=  0.95 

and 0.08 on the ephemeris of BB92. They are thought to be due to the passage of the 

rising and falling segments of the magnetically controlled accretion stream in front of 

the X-ray source. The separation of the dips is explained by the twisted nature of the 

stream which arises because the magnetic pole of the white dwarf is offset from the line 

of centers of the two stars.

3 .1 4 .1  T h e  o b serv a tio n s

The top panel of figure 3.24 shows the R O SAT  PSPC data  of Mason folded on the 

ephemeris of BB92 using 20 sec integration bins. The shape of the light curve is very 

similar to tha t found using E X O SAT  in 1984 (Osborne 1988) (shown in the bottom  of 

figure 3.24 for comparison). The H 05A T light curve has, however, a higher signal-to- 

background ratio than the EX O SAT  light curve. The first dip over the phase range 

0=0.94-0.98 is broader than the second. The mean count rate  in the broad dip is 0.192 

±0.061 cts s“ ^which has a significance of 5<7 above the sky background. The second 

dip over the phase range 0=0.060-0.085 has a mean count rate of 0.059 ±0.052 cts s“ ^. 

When AN UMa was next observed using R O SAT  ~13 days later, the light curve was 

very similar. There was however, more flaring during the absorption dip intervals, and 

the center dip at 0=0.82 in the Mason data had shifted to 0=0.79.

The ephemeris of BB92 largely removes the relative phase shift of ( pEXOSAT ~
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Figure 3.24: AN UMa: Top panel: The R O SA T  PSPC data  folded on the orbital 

period of 114.8 mins using the ephemeris of BB92 integrated into 20 sec bins (from the 

0.1-2.0keV band); bottom  panel: The E X O SA T  1984 data  folded as above.

<f>ROSAT ^0.18 implied by the ephemeris of Liebert et al. (1982). The small phase shift 

of 4>e x o s a t  — 4>R0SAT —0.02 which is still present, is within the errors given by 

BB92; (^<^=0.045 for the epoch of the RO SAT  data).

A significant detection of AN UMa (12# above the sky background) was obtained 

in the W FC S2B filter, with a mean flux rate of 0.0278±0.0044 cts s“ ^, while in the S2B 

filter the source was detected with a significance of 3a above the sky background with 

a mean flux of of 0.0804±0.0381 cts s“ ^. As shown in the top panel of figure 3.24, the 

S2B observation covers phases at which the PSPC count rate was at its peak, while the 

Si A observation, which is of shorter duration, covers the two dips in the light curve. 

This, together with the eflicency degradation (the S2B filter was 27% as efficient before 

launch while in the SI A filter this figure was 15%) accounts for the higher significance 

of detection in the S2B filter compared with the SIA filter, which we would otherwise 

have expected to  be more significant because of the higher energy response of the SIA 

filter.
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3.15 QQ Vul

QQ Vul was discovered using the low energy detectors of HEAO-1 (Nugent et al. 1983) 

and identified as an AM Her by Nousek et al. (1984) on the basis of its optical spec

trum , and polarisation properties. Observed using EX O SAT  in October 1983, QQ Vul 

revealed a complex soft X-ray light curve, where the intensity dropped to  zero at linear 

polarisation phase 0.3-0.4 (Osborne et al. 1986). The source was detected using the 

ME, though only for one out of the two orbital periods covered, and showed a decrease 

in intensity at the same phase as the soft X-ray dip. This dip was attributed to an 

eclipse of the accretion region by the accretion stream. Further observations using E X 

O SAT  showed a soft X-ray light curve which had changed dramatically from June to 

September 1985 (Osborne et al. 1987). These different light curve morphologies were 

identified with accretion onto one and two poles. While the soft X-ray intensity had 

increased by a factor of ~ 2  over the 1983 observations, the hard X-ray component was 

not seen.

3 .1 5 .1  T h e  o b serv a tio n s

Figure 3.2 shows the PSPC data integrated into 20 sec bins and folded on the ephemeris 

reported by Osborne et al. (1987), while figure 3.25 shows the individual PSPC data 

sections. The source is highly variable, with a 7.5 min modulation visible when it is 

brighter (this is similar to the QPOs reported by Osborne et al. 1987). A flare, showing 

an increase in intensity of a factor of ~5, was seen at cycle 20203.61, around the time 

of a quasi-periodic maximum. There is considerable variation in intensity at phases 

(f) ~  0.6-0.7 and <f) ~  0.9-1.1 (compare cycle 20203 with 20266 and cycles 20204 & 

20216 with 20261, 20264 & 20270); the count rate was a factor of 2-3 greater in the 

earlier part of the observation. Also visible are intervals of zero flux (cycles 20268, 

20271 & 23952) visible around (f) 0.3-0.4, which last 0.05-0.06 cycles, and are similar

to dips seen in previous soft X-ray light curves of QQ Vul (e.g. Osborne et al. 1987). 

However, the exact phasing does vary: in the earlier observations (cycles 20203-20276) 

the dip occurs between (f>= 0.28-0.34, while in the last observation made 568 days after
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the preceding observations, the dip occurs from phase 0.33-0.38. Although the 

length of the dip has remained approximatley constant, the dip center has shifted by 

0.05 cycles. This suggests the intervening stream has shifted with respect to the white 

dwarf as seen in other AM Hers (c.f. VV Pup). Contemporaneous Ginga observations 

(Beardmore et al. 1994) show a dip of depth ~25% at (j) <^0.3 in contrast to the to tal 

obscuration of the source in soft X-rays. This confirms previous observations which 

suggest this dip is due to absorption by the intervening accretion stream.

Figure 3.26a shows the PSPC light curve (using data from cycles 20203-20276) 

folded on the orbital period of 222.5 mins using the ephemeris reported by Osborne et 

al. (1987), where phase zero refers to the time of the linear polarisation pulse. (The 

folded light curve is made more complex by the flaring and QPOs observed in cycles 

20203-20216). The overall shape of the folded light curve is similar to the ‘complex’ 

June 1985 EXOSAT LE light curve (Osborne et al. 1987), shown in figure 3.26b, which 

persisted for 4 consecutive orbital cycles (Osborne 1989). (For comparison figure 3.26c 

shows the ‘normal’ EX O SAT  LE light curve of September 1985).

Quasi-periodic oscillations (QPOs) were seen in several segments of PSPC data. 

The earliest and last observations (cycles 20203-4 and 26150) were taken 40' off-axis, 

in which case the effect of the telescope wobble is minimised. Although the other 

PSPC data were taken on-axis, an observation of a non-varying white dwarf showed 

th a t the telescope wobble introduced modulations into the data  on timescales of less 

than the wobble period only (Beardmore et al. 1994). For the QQ Vul observation, 

the wobble period was 6.7 mins, indicating tha t periodicities greater than this are real. 

Power spectra of data  from cycles 20203.58-20203.72 show a period of 7.9 mins, while 

if data  from the large flare is excluded, a much more significant period is present at 7.4 

mins. Further pronounced modulations of 6.9 mins & 7.6 mins are seen in cycles 20204 

Sz 20216 (as there is only 3-4 cycles of the QPO in any data section, precise period 

measurements are difficult). The modulation fraction for the QPO was typically 30%. 

These QPO are very similar to the large-amplitude pulses with recurrence times of 4-11 

minutes seen by Osborne et al. (1987), though these were detected in only the ‘simple’ 

mode observations.
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Contemporaneous GINGA  observations (Beardmore et al. 1994) show the hard X- 

ray light curve to peah at ^0.3 (assuming the dip observed here is due to  absorption) 

and <j> ~ 0 .8 . This is in contrast to the soft X-ray light curve which peaks at <f> rvQ.O 

and points to well separated hard and soft X-ray emission regions. Beardmore et al. 

suggest this is due to emission from two poles; the pole nearer the secondary star being 

dominant in hard X-rays, while the more distant pole is dominant in soft X-rays. Even 

using the R O SA T  data alone, a positive hard X-ray flux was detected: a count rate of 

0.026±0.003 cts s“ ^(a significance of 26<t above the sky background) was observed in 

the spectral range 1.0- 2 .0keV.

Due to damage caused by a loss of spacecraft attitude (c.f. chapter 2), the efficiency 

of the W FC relative to launch was only 9% and 13% for the SIA and S2B filters 

respectively at the time of these observations. For this reason the statistical quality 

of the W FC data  was inadequate to produce meaningful light curves. Using all the 

available data in the pointed phase the count rate for the SIA filter was 0.028±0.004cts 

s~^and for the S2B filter was 0.012± 0.006cts s“ ^. These values axe not corrected for 

the losses in efficiency. The source was detected at the 15a and 4a  levels above the 

background in the SIA and S2B filters, respectively.

3.16 R E 0453-41

RE0453-41 was discovered during the course of the RO SAT  all-sky survey (Pounds 

et al. 1993). Subsequent observations (Beuermann & Thomas 1993) indicated the new 

discovery was a AM Her system of U <^19 and a period of ~95 mins (determined from 

optical photometry). It was observed to have a mean flux in the R O SA T  PSPC all-sky 

survey of ~1.7 cts s“ .̂

3 .1 6 .1  T h e  o b serv a tio n s

Two sets of PSPC data separated by 250 days were obtained, both of which gave 

similar intensities over the same orbital phase. The time series was initially folded
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Figure 3.25: QQ Vul: The folded light curves of the individual segments of PSPC data 

(covering 0 .1- 2 .0keV) integrated into 20 sec bins.
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Figure 3.26: QQ Vul: Panel a) The PSPC light curve (0.1-2.0keV) integrated into 20 

sec bins, b) & c) The EXO SAT  LE light curves from the EX O SA T  database from June 

and September 1985 respectively.
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on a period of 95mins (Beuermann & Thomas 1993) which resulted in a light curve 

which resembled a scatter diagram. As the proposed period was very close to the orbital 

period of R O SA T  (96 mins), fourier techniques did not give meaningful results. Instead 

the data was folded on periods 95±2 mins and the best period was judged to be the 

period which gave the most coherent folded light curve (94.0±0.2 mins). Because of 

the nature of the observations, this period has to be regarded with some caution.

Figure 3.2 shows data from cycles 3835-3878 phase binned on a period of 94.0 mins 

with arbitary phasing. The light curve is typical of a one-pole system, showing a low 

phase lasting ~0.2 cycles with an flux of O.Scts s“ ^leading up to a bright phase of peah 

flux ~ 2cts s " i . The individual data sections were folded on a period of 94 mins and 

are shown in figure 3.27. Because of the rather imprecise period used in the phasing, 

caution has to be made when interpreting the data. It shows a flux similar to that 

found during the all-sky survey (Beuermann &: Thomas 1993).

W FC data were obtained for cycles 2- 8 . The source was detected at the 9.4cr level 

above the sky background in the W FC SIA filter (0.007±0.002 cts s“ ^), while in the 

W FC S2B filter the source was not detected (-0.001i0.006 cts s~^, with a 3cr upper 

limit of 0.107 cts s“ ^).

3.17 R X 1007-20

RE1007-20 was discovered during the course of the R O SAT  all sky survey and later 

identified as a AM Her system with a period of <^208 mins (Beuermann & Thomas 

1993). It had a magnitude of V  ~18 and a mean PSPC flux of ~0.6cts s"^during the 

R O SA T  all sky survey.

3 .1 7 .1  T h e  o b serv a tio n s

The unfolded data shows a very prominent dip which was observed on 2 separate 

occasions. The dip profile (c.f. figure 3.28) is variable in width and as such is similar
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Figure 3.27: RE0453-42: The individual segments of PSPC data integrated into 40 sec 

bins.
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Figure 3.28: RE1007-20: The individual PSPC data  sections integrated into 50 sec 

bins and folded on the above ephemeris.

to th a t of the absorption dips seen in AN UMa and QQ Vul rather than the eclipsing 

systems (UZ For, W W  Hor & DP Leo) which show a more rapid ingress to eclipse. 

These data  also show flaring over the dip interval (again similar to tha t seen in AN 

UMa). The time elapsed between the center of the two dips is 207.1 mins -  very similar 

to the spectroscopic period determined by Beuermann & Thomas (1993). This period 

must be regarded with caution, however, as on the second occasion when the dip was 

observed, the data  does not fully cover dip. However, using the period of 207.1 mins 

the following ephemeris was determined:

HJD = 2448943.4660185 +  0.14384E

Figure 3.2 shows the PSPC data folded on the above ephemeris while flgure 3.28 

shows the individual data  sections folded similarly. The folded light curve is typical 

of a one-pole system, showing a bright phase lasting (f> ~0.4 and flaring on timescales 

of <50 secs. The mean flux is similar to tha t found during the R O SAT  PSPC all sky 

survey (Beuermann & Thomas 1993).
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System s observed in a low state or which were poorly  
sam pled

3.18 EU Cnc

Gilliland et al. (1991) discovered an object in the open cluster M67 during a systematic 

search of the cluster for variable stars which they tentatively classified as an AM Her 

system on account of its optical light curve. Its brightness (V = 20.4-21.0) varied on 

an orbital cycle of 2.091 ±0.002 hr s. If it is an AM Her system (and its very soft X-ray 

spectrum suggests tha t it is, c.f. chapter 5), and it is associated with M67, then EU 

Cnc will be very old (M67 is ~  5 X 10® yrs old) and hence an im portant object for 

understanding the secular evolution of AM Hers.

3 .1 8 .1  T h e  o b serv a tio n s

As is expected of such a distant AM Her system the count rate is low: 0.0033±0.0010 

cts s " i , with a significance of l l .S a  above the sky background. Although the folded 

light curve is of poor quality (c.f. fig 3.3) and has some data gaps, it is consistent with 

the X-ray light curve of VV Pup with which its optical light curve has been compared 

(Gilliland et al. 1991). A faint phase is visible for A(f> <^0.3-0.4, which precedes a bright 

phase.

3.19 V834 Cen

V834 Cen (E1405-451) was discovered using HEAO-1 and EIN STEIN  (Jensen, Nousek 

Nugent 1982) and was later identified with an optically variable star by Mason et 

al. (1983). It was confirmed as an AM Her star by its strongly polarised nature. Its soft 

X-ray light curve shows a dip thought to  be due to  absorption of the emission from the 

accretion region by the accretion stream, similar to tha t seen in QQ Vul and AN UMa. 

The dip has been seen to vary in its phasing (Osborne, Cropper & Cristiani 1987).
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Figure 3.29: V834 Cen: The individual R O SAT  PSPC data  sections integrated into 10 

sec bins and folded using the ephemeris of Cropper, Menzies & Tapia (1986).

3 .1 9 .1  T h e  o b serv a tio n s

Four sections of PSPC data  covering 4 orbital cycles were obtained although a  similar 

phase coverage was made in each (<^=0.8-1.1). Figure 3.2 shows the phase binned 

PSPC data folded on the ephemeris of Cropper, Menzies & Tapia (1986), while figure 

3.29 shows the individual data  sections folded on the same ephemeris. These data 

show flickering and strong evidence of a QPO in at least one section of data. The data 

sections were analysed separately using fourier techniques in the standard way. The 

most prominent peak (25.6 mins) in the resulting fourier power series occured in cycle 

53648, while a less significant period of 4-7 mins was found in all data sections and 

a period ~13 mins was seen in cycles 53646 &: 53647. As the source was positioned 

off-ajcis, obscuration of the source by wires in the PSPC is not significant and the 

modulations are thought to be real (c.f. chapter 2). The intensity dip (centered on 

0=0.0 on the ephemeris of Cropper et al.) is not seen in these data. The ephemeris 

of Cropper et al. (1986) is based on data obtained from 1982-1984. More recent data 

(Cropper, private communication) show the minimum to occur at 0=0.1. As there is 

no dip at this phase in these PSPC data, it is probable that the dip has advanced 

further in phase.
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3.20 V1500 Cyg

V1500 Cyg (Nova Cyg 1975) was a nova which showed an unusually large amplitude 

(AV ~19). Optical observations by Patterson (1978,1979) showed a gradual decrease in 

the binary period followed by a stabilization. Polarisation measurements by Stockman, 

Schmidt Sz Lamb (1988) showed periodic variations in the circularly polarised light 

curve which were 1.8% shorter than the binary period. It is thought tha t prior to its 

nova outburst, V1500 Cyg was a synchronised AM Her system which was disrupted by 

its outburst. Schmidt & Stockman (1991) predict the system will regain synchronicity 

in '^200 years.

3 .2 0 .1  T h e  o b serv a tio n s

V1500 Cyg was observed for a short time (ru4ksec) using RO SAT. A  flux of 0.0065 

±0.0097 was detected at the source position giving a non-significant detection of 2(7 

above the sky background. No significant detection of V1500 Cyg has been made in 

previous observations in the X-ray band. V1500 Cyg is unlikely to  be observable in 

soft X-rays due to its distance (1200pc; Lance, McCall & Uomoto 1988) and reddening 

(A y=l.G ).

3.21 ST LMi

ST LMi (C W l 103+254) was discovered during an objective prism survey in 1980 while 

followup spectroscopy and polarimetry confirmed its classification as an AM Her system 

(Shore et ai. 1982, Stockman et al. 1982). Observations made using E X O SA T  showed 

ST LMi to be a typical two-pole system, exhibiting a bright phase for ^0 .4  cycles 

(Osborne 1988). Cropper (1986) detected linear polarisation during the faint phase 

which he attributed to electron scattering from gas in the accretion column. In addition, 

asymmetries in the bright phase light curve were observed occasionally, which were 

attributed to the presence of two close emission regions which appeared onto the disc

1 1 2



in turn and then disappeared simultaneously due to their orientation. This phenomena 

was also seen in X-rays using E X O SAT  (Beuermann & Stella 1985).

3 .2 1 .1  T h e  o b serv a tio n s

ST LMi was found to have a mean intensity of 0.079±0.002 cts s“ ^. This is similar 

to  the lowest flux detected from ST LMi using EXOSAT, suggesting the system was a 

low state during the observations made using ROSAT. The light curve folded on the 

ephemeris of Cropper (1986) shows a bright phase of similar phasing to  the bright phase 

seen during the high state (c.f. flgure 3.30). To examine this more closely, the data 

were split into two halves and folded as previously (see flgures 3.30b & c). Both halves 

of data  show evidence for a modulation in the light curve, although the modulation in 

the second half of the data is more prominent.

However, there is a positive flux seen throughout the orbital cycle indicating that 

in the faint phase (0 '^0.15-0.65) we are either observing the hot white dwarf in the 

absence of accretion or emission from the accretion region at the other magnetic pole 

which is visible for almost the whole orbital cycle (Peacock et al. 1992). The orbital 

modulation cannot be a residual effect of the accretion region from the previous high 

state as the white dwarf photosphere reacts rapidly (-Cl sec) to cessation in the mass 

accretion rate (Stockmann et al. 1994). The la tter alternative would imply the accretion 

flow in the low state is much more evenly spread between the two poles compared with 

the high state when the main accretion pole is dominant.

Were no accretion present in the faint phase, we would expect the bright phase 

(with its additional accretion component) to show a significantly different spectra from 

the faint phase. In chapter 5 I show there is no significant difference in the spectra taken 

from data covering the bright and faint phases of the orbital cycle. This result implies 

th a t it is highly unlikely tha t we are observing the hot white dwarf in the absence of 

accretion. Rather, these results support the hypothesis tha t accretion is occuring at 

both poles in the faint state and the accretion flow is much more equally distributed 

between the two poles than in the high state.
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Figure 3.30: ST LMi: a) AU the PSPC data  (covering 0.1-2.0keV) phase binned of the

ephemeris of Cropper (1986); b) as a) using the 1st half of the data; c) as a) using the
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dashed Une is the mean intensity while the dotted is 1er from the mean.
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3.22 M R  Ser

MR Ser (PG 1550+191) was discovered during the Palomar Green survey of UV excess 

objects (Stockman et al. 1981). Observations made using E X O SA T  (Angelini, Osborne 

& Stella 1990) show a regular and approximatley symmetrical light curve in anti-phase 

with the optical light curve (Schwope et al. 1991).

3 .2 2 .1  T h e  o b serv a tio n s

MR Ser was detected using the PSPC (12cr above the sky background) with a mean 

count rate of 0.0187+0.0039 cts s“ .̂ This observed count rate is lower by at least a 

factor of ~15 compared to the epoch when it was observed using EX 05A T if we assume 

a similar spectrum to tha t reported by Angelini, Osborne &: Stella (1990) when MR Ser 

was in a high state (i.e. 10eV< kTbb <53 eV, 2 —60x 10^^ cm“ ^and 7 —70x 10̂ ® erg s“ ^) 

and fold it through the instrum ental response functions. It is therefore highly probable 

tha t MR Ser was in a low brightness state when these data were obtained. Figure 3.3 

shows the phase binned light curve using the ephemeris of Schwope et al. (1991): there 

is evidence (albeit weak) tha t there is significant variability in the light curve indicating 

tha t accretion is still occuring. The WFC S2B observation yielded a non-detection with 

a 3(7 upper limit of 0.052 cts s“ .̂

3.23 R X 1313-32

RE1313-32 was discovered during the R O SAT  PSPC and W FC all sky survey. During 

the PSPC all sky survey it was detected with a mean intensity of 2.le ts  s“ ^and later 

identified with a y  rx,i6 star (Beuermann & Thomas 1992).
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3 .2 3 .1  T h e  o b serv a tio n s

Figure 3.3 shows the R O SAT  PSPC data folded on a period of 252 mins (Beuermann & 

Thomas 1992). Nearly the complete orbital cycle was observed and the mean intensity 

was 'n̂ O.04 cts s“ .̂ Comparison with the mean PSPC all sky survey intensity ('~2.1cts 

s " i)  suggests tha t RE1313-32 was observed in a low state in this pointed observation. 

Although no significant modulation in the light curve was observed, the integrated 

spectrum (see chapter 6) is such tha t it is highly probable tha t accretion was occuring 

in this low state.
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3,24 Sum mary

Light curves covering the 0.1-2.0keV spectral range have been extracted from data on 

19 AM Her systems using ROSAT. These light curves have been analysed in some depth 

and several interesting results have been found. While these results are interesting and 

im portant in their own right, it is more im portant to ask how they influence our current 

understanding of the accretion region in AM Hers. This question wiU be addressed in 

the next chapter.
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C hapter 4

T he structure o f the accretion

region

4.1 Introduction

The perceived view of the accretion region in AM Her stars was initially one in which 

radial accretion occured over a small circular area at one of the magnetic poles of 

the white dwarf (e.g. Lamb & Masters 1979). However, as more photometric and 

polarimetric observations were made, it became clear tha t this simple view could not 

adequately explain data from systems such as VV Pup and ST LMi which showed non- 

symmetric bright phases in some of their light curves (e.g. Cropper & Warner 1986, 

Cropper 1986).

Since the structure of the magnetic field in the region of space where the accretion 

flow threads onto the magnetic field lines of the white dwarf is complex, the material 

is likely to thread onto a number of magnetic field lines. Since the threading region 

is at a finite distance from the white dwarf, the accretion region will be displaced by 

a small amount from the true magnetic pole. In addition, there is a substantial body 

of evidence to suggest tha t accretion takes place near both poles, but these accretion 

sites are not necessarily diametrically opposite nor do they necessarily have comparable 

accretion rates (e.g. BL Hyi; Piirola, Reiz & Coyne 1987).
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Figure 4.1: A schematic diagram showing our current view of the shape of the accretion 

region in AM Her systems. The accretion rate varies over the length of the accretion 

region (taken from Wickramasinghe 1988).

Figure 4.1 shows a schematic diagram of the current model of the accretion region 

where the shape of the region is one of an extended arc which has varying rates of 

accretion along its extent. Also it is expected tha t the accretion stream  will be highly 

inhomogenous (Kuijpers & Pringle 1982). Some systems are thought to have accretion 

regions which can be as much as ~  100° in length (e.g. V834 Cen; Cropper 1989). By 

varying the length of the accretion region it is possible to  model the changes seen in 

the light curves of some systems. However, observations of other stars indicate tha t an 

extended accretion region is not always necessary (e.g. DP Leo; Stockman et al. 1994).

4.2 T he accretion geom etry

To model the light curves of AM Her stars, both the system inclination i, and the co

latitude of the accretion region have to  be determined (see figure 1.2 for a definition 

of these terms). The most accurate method of determining these geometric parameters 

is through polarimetry (e.g. AM Her; Wickramsinghe et ai. 1991). Where only light 

curves are available (as is the case here) it is still possible to quantify any changes
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seen in the morphology of the light curve to some degree. This is particularly true of 

two-pole systems (systems in which the main accretion pole emerges into and out of 

view over the course of the orbital cycle). The most sophisticated method of analysing 

light curves is to use the maximum entropy method to map the spatial extent of the 

accretion (Cropper Sz Horne 1994). However, Visvanathan & Wickramsasinghe (1981) 

give a simple relationship between the inclination of a system (i), the co-latitude of 

the accretion region (/)), and the duration of the faint phase (7 ) assuming a point-like 

accretion region. Modifying their relationship to take into account the definition of the 

accretion geometry parameters tha t are used here (c.f. figure 1.2), it is found that:

cos 7T7 =  — cot /? cot i (4.1)

Since the inclination of the system does not change with time, any change in 7  implies 

a change in the co-latitude of the accretion region if a point source is assumed.

In the following sections the light curves of the two-pole systems observed using 

RO SA T  will be examined in more detail, with particular emphasis on the variation of 

the location of the accretion region. These systems are particularly useful insofar as 

the emergence of the accretion pole onto the visible surface of the white dwarf is not 

contaminated by an accretion region which is already visible. This allows the structure 

of the accretion region to be examined in a detail not possible in the case of one-pole 

systems.

4.3 UZ For

UZ For is im portant insofar as it is an eclipsing two-pole system. This enables quite 

strong constraints to  be placed on the binary inclination and the magnetic co-latitude of 

the accretion pole. By fitting the intensity variation over the duration of the eclipse to a 

model of a Roche lobe filling secondary star, Bailey & Cropper (1991) find i =  81° ±  3° 

and (5 = 150° ±  12°. W ith the inclination of the system accurately determined, it is
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possible to place quantitative estimates on the variation in the size of the accretion 

region implied by changes in the light curve morphology of UZ For (c.f. figure 3.5).

4 .3 .1  T h e  v a r ia tio n  in  th e  lo c a tio n  o f  th e  a ccr e tio n  reg ion

It §3.4 it was shown tha t the phase at which the bright phase starts occurs later in the 

orbital cycle in the data of Mason compared with the data of King (which was taken one 

year later than Mason’s). The orbital phase at which the faint phase starts and ends in 

the data  obtained by Mason and King using R O SA T  is shown in table 4.1 along with 

these parameters measured from EX O SA T  data (Osborne et al. 1988). In addition, it 

shows the duration of the faint phase and the co-latitude of the accretion region using 

equation 4.1 where the inclination is assumed to be i =  81° (Bailey & Cropper 1991). 

These results indicate that the accretion region either shifts its position on the white 

dwarf and/or the structure of the accretion region changes over time.

If the variation in the orbital phase at which the end of the faint phase occurs is 

simply due to a shift in longitude or latitude of an accretion region of constant size, the 

orbital phase at which the start of the faint phase occurs would be expected to vary 

by a similar and opposite amount. This is not what is observed; rather the duration 

of the faint phase in the data obtained on 1991 Aug is shorter (A</>=0.04) than in the

data  obtained using EXOSAT. On the other hand, these results are self consistent if

the leading edge of the accretion is variable in extent. This implies tha t on 1991 Aug 

the leading edge of the accretion region was more extended than on 1990 July or 1983 

Aug and hence the onset of the bright phase occurs earlier in the orbital cycle. However 

the trailing edge remains fixed at the 2 epochs in which it was observed, leaving the 

orbital phase at which the bright phase ends unchanged.

4 .3 .2  T h e  s ize  o f  th e  a ccre tio n  reg ion

W hilst equation 4.1 assumes tha t the accretion region is a point source, it is possible 

to determine the size of the accretion very simply if the rise from the faint phase to the 

bright phase (as seen on three occasions in the RO SAT  observations of UZ For: §3.4)
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Observation Start End 7

E X O SA T  (1983 Aug) 0.130 0.590 0.460 128° ±  3°

R O SA T  (1990 Jul) 0.605 0.475 116° ±  4°

R O SA T  (1991 Aug) 0.130 0.550 0.420 144° ±  2°

Table 4.1: UZ For: The orbital phase at which the start and end of the faint phase 

occurs {6(j) ~ 0 .01) is shown together with the duration of the faint phase (7 ) and 

the co-latitude of the accretion region (/)) assuming a point source accretion region 

and a system inclination of 81°. As the start of the faint phase was not observed in 

the observations made on 1990 July, the duration of the faint phase was determined 

assuming the start of the faint phase was the same as in the other data  (<^=0.13).

is resolved. Equation 7 of Cropper (1986) shows:

6 =  [cos (cos i cos (3 — sin i sin (3 cos ^ 1) — cos (cos i cos (3 — sin i sin j3 cos 02)]/2  (4.2)

where 6 is the semi-angle at the centre of the primary subtended by the accretion region, 

4>\ is the phase of the onset of the gradual rise to the bright phase measured from the 

mid-point of the faint phase and similarly (f>2 the phase at which the steep increase to 

maximum light ends.

Since the data of King have complete orbital phase coverage, let us consider these 

first. The start of the faint phase was found to be <^=0.13 while the end of the faint 

phase was ^=0.55. This implies the mid-point of the faint phase is <^=0.34. In cycle 

33181 the phase of the gradual rise to the bright phase commences at (f>=0.55, while 

the phase of the end of the steep increase to maximum light is 0=0.58. This gives 

01=65° ±  2 and 02=76° ±  2 . Taking the values *=81° ±  3° (Bailey & Cropper 1991) 

and ^=144° ±  2° (from table 4.1), the accretion region has an observed radius of 3 ±  1° 

in X-rays at the epoch of the observation of King (equation 4.2). The end of the bright 

phase was not seen in Mason’s data. However, if we assume th a t the end of the bright 

phase occured at the same orbital cycle as tha t found in the E X O SA T  da ta  and King’s 

data, the mid-point of the faint phase is found to be 0 =0.37. This implies 0 i =  86° ± 2°
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and <f>2 = 96° ±  2°, giving a spot radius of 5±2° from equation 4.2. This is consistent 

with the value determined from King’s data. Ramsay et al. (1993) found a spot radius 

of 3.0 ±  1.0° using Mason’s data where the mid point of the faint phase was determined 

using EX O SA T  data (0=0.41; Osborne et al. 1988). The present result supersedes that 

of Ramsay et al. (1993).

4 .3 .3  T h e  s tr u c tu r e  o f  th e  a ccr e tio n  reg ion

Any model of the accretion region in UZ For has to be able to account for the marked 

change seen in the light curve morphology in the rise phase. In chapter 3 (c.f. figures 

3.4 and 3.5) it was shown tha t such changes can take place on timescales as short as at 

least 2 cycles. For instance the rapid rise from the faint phase seen in cycle 33181 was 

also observed in cycles 28721 and 28750. However, in the other data the rise from the 

faint phase is much less steep (e.g. cycles 33184 and 33186).

To investigate the structure of the accretion region in more detail, the light curve 

of the rapid rise pheise seen in cycle 28721 was compared with a simple model which 

used an optically thick spot 3° in radius (as found using the data  obtained by King) 

emerging onto the visible hemisphere of the white dwarf. Taking the values i = 81° 

and (3 =  116° (c.f. table 4.1), it is found tha t although the earlier, flatter part of the 

rise phase was well fitted, the la tter steeper part was not. A trailing optically thick 

spot 1.5° in radius with twice the total brightness of the leading spot was then added 

to  the model. It was found tha t the intensity curve could adequately be fitted with this 

combination, as shown in figure 4.2. The fit, however, must be regarded as suggestive 

rather than conclusive since the spot model is very simple. This structured view of the 

accretion region is in agreement with recent suggestions (c.f. figure 4.1) which depict 

the accretion region as an extended arc displaced from the magnetic pole by a small 

amount with areas of enhanced activity. It is also in agreement with Bailey Sz Cropper 

who find evidence tha t a single circular spot did not fit both the ingress and egress of the 

eclipse equally well. Another possibility is that there is a large region of emission around 

the accretion stream which accounts for the early rise phase, with a more luminous and 

probably hotter core where the bulk of the accretion flow is deposited which gives rise
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Figure 4.2: UZ For: The rise phase intensity curve from cycle 28721, with a model fit 

of an optically thick spot 3° in radius followed by an optically thick spot twice as bright 

as the leading spot and 1.5° in radius.

to  the more rapid rise phase and dominates the bright phase.

While a sharp rise at the transition from the faint phase to  the bright phase is seen 

in three orbital cycles (c.f. figure 4.2), it is not seen in any of the other cycles which 

were observed. Indeed, the rise is very gradual in cycles 33183, 33184 and 33186 (c.f. 

figure 3.5). One of these orbits (cycle 33184) was modelled as before with an optically 

thick spot 3° in radius emerging onto the surface of the white dwarf. Figure 4.3 shows 

the data  can adequately be fitted with a single spot model until ({> '^0.62. This cannot 

be due to  another region of the accretion stream coming into view, as the start of the 

faint phase occurs at the same point in the orbital cycle as observed in all the other 

data. Rather it is more likely the increa.se in brightness is due to an increase in the 

accretion rate.
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Figure 4.3: UZ For: the rise from the faint phaae in cycle 33184 with a model fit of an 

optically thick spot 3° in radius.

4.4 V V  Pup

VV Pup is a typical two-pole system in which an extended faint phase is observed. 

The light curve obtained using the R O SAT  PSPC is shown in figure 3.7. Cropper & 

Warner (1986) show the system inclination is i = 77° ±  7° and the co-latitude of the 

accretion region (3 =  155° ±  6°. The orbital phase at which the s ta rt and end of the 

faint pha^se occurs during the data using R O SAT  and also optical data  obtained in 1984 

and 1985 (Cropper &: Warner 1986) and 1986 (Piirola, Coyne & Reiz 1990) are shown 

in table 4.2. In addition the co-latitude of the accretion region is shown using equation

4.1 assuming i =  77°. These observations suggest tha t the duration of the faint phase 

varies by a significant amount and hence the latitude of the accretion region and/or 

the structure of the accretion region changes significantly between different epochs.

The light curve of VV Pup wa.s found to be asymmetrical in shape, with the rise to 

the peak intensity taking longer than for the decline to the faint phase. This has been 

found at some epochs (e.g. Cropper & Warner 1986), but not at others (e.g. Piirola, 

Coyne & Reiz 1990). A similar phenomenon has been noted in ST LMi. Cropper 1986
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Observation Start End 7

Optical (1984 Feb) 0.19 0.73 0.54 62° ±  4°

Optical (1985 Feb) 0.19 0.76 0.57 47° ±  3°

Optical (1986 Jan) 0.20 0.72 0.52 75° ±  4°

R O SA T  (1991 Oct) 0.18 0.69 0.51 82° ±  4°

Table 4.2: VV Pup: The orbital phase at which the start and end of the faint phase 

occurs {6<j) rvQ.Ol) is shown together with the duration of the faint phase (7 ) and the 

co-latitude of the accretion region (/?) assuming a point source accretion region and a 

system inclination of 77°.

postulated tha t the asymmetrical light curve was due to the accretion region being 

extended in such a way tha t the brightest part of the accretion region comes into our 

field of view last and also disappears from our field of view last. At epochs where 

the light curve is symmetrical it is likely tha t the accretion region has a much more 

uniform brightness. Unlike the observations of UZ For, there is no significant change in 

morphology of the light curve leading up to the bright phase during the observations 

made using ROSAT.

4.5 EK U M a

EK UMa is a two-pole system showing a faint phase lasting less than half the orbital 

cycle. Morris et al. (1987) find i,/3 = 30° — 80° with the most probable geometrical 

configuration being i = (3 — 56°. As the ephemeris of Morris et al. (1987) is not very 

accurate, it is not possible to relate the orbital phase between the R O SA T  data (c.f. 

figure 3.10) and the optical data of Morris et al. (1987).

However, assuming i ~  56° (Morris et al. 1987) and 7  =  0.38 ±  0.02 (from the 

data  obtained using RO SAT), equation 4.1 gives (3 =  58 ±  2°, while for the optical 

results of Morris et al. (1987), 7  =  0.29 ±  0.02 and ^  = 48 ±  3°. This indicates a 

significant change in the accretion geometry has taken place between the epochs of two 

observations. There was no significant change in the morphology of the orbital light
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curves during the course of the RO SA T  observations.

4.6 R E 1149+28

R E l 149+28 is a two-pole system showing a faint phase lasting (f> ~  0.45 cycles. At 

present the system inclination and the co-latitude of the accretion region are unknown. 

There is, however, a variation in the onset of the bright phase. For instance in cycle 57, 

the system is already in a bright phase when it was first observed at 0=0.41, while in 

cycle 94 the bright phase does not occur until 0=0.52 (c.f. figure 3.12). In view of the 

discussion on UZ For, it is quite possible tha t this is due to the leading edge varying 

in its extent.

4.7 Q PO ’s

AM Her systems are seen to exhibit Quasi-Periodic Oscillations (QPOs) on timescales 

ranging from ~ l- 3  secs to ~4-10mins (c.f. chapter 1). The shorter period oscillations 

are thought to  be due to periodic variations in the shock height of the accretion region, 

while the longer timescale oscillations are thought to originate from X-ray irradiation 

of the accretion stream below the L \ point. King (1989) predicts the timescale of the 

la tter oscillations to be:

tosc =  ISOPhrSecs (4.3)

For QQ Vul and V834 Cen the predicted value of tosc using equation 4.3 is ~10 mins 

and 4.5 mins respectively. Strong evidence for the longer period oscillations are seen in 

the observations of QQ Vul and V834 Cen made using R O SA T  (c.f. figures 3.25 and 3.29 

respectively). The observed timescale for these oscillations are 6-8 mins and 4-7 mins 

in QQ Vul and V834 Cen respectively: in reasonable agreement with the predicted 

timescales. Due to the relatively low count rate observed in X-rays compared with
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optical observations it was not possible to search for period oscillations on timescales 

of a few seconds.

4.8 D iscussion

The observations of two-pole systems using R O SAT  show that there is a wide variation 

in the morphology of the rise interval leading up to the bright phase in UZ For, VV 

Pup and EK UMa. This is consistent with the current understanding of the accretion 

region which is one of an extended arc which has varying rates of accretion along its 

extent. A variation in the length of the bright phase has also been seen in BL Hyi 

(Schwope & Beuermann 1989 and references therein) and ST LMi (Bailey et al. 1985 

& Cropper 1986). It can also adequatley explain the asymmetric light curves which 

are seen at some epochs in VV Pup and ST LMi. Further, it appears to be possible 

for the accretion region to be concentrated in a circular region if both the trailing and 

leading edges of the spot contract. This would explain the observations of DP Leo 

which showed tha t a circular spot could model the light curve adequately.

In the case of UZ For and VV Pup, the orbital phase at which the faint phase 

starts is constant to within (j) '~0.01. However, the orbital phase at which the faint 

phase ends varies by up to 0.07 cycles. Indeed, in the case of VV Pup, Cropper & 

W arner (1986) show data at 6 epochs covering 40 years tha t shows the start of the 

faint phase is constant while the phase at which the faint phase ends has a range of 

<^=0.09. This is similar to the case of ST LMi which has been found to show a variation 

in the end of the faint phase, but which shows a constant phasing for the start of the 

faint phase. In the other two-pole systems which were included in this study, EK UMa 

does not have a sufficiently accurate ephemeris to determine if the start and end of the 

phase remains constant in comparison to previous observations. On the other hand, 

RE1149-f-28 shows large variations in the start of the bright phase. However, the data 

are not adequate to determine if the start of the faint phase remains constant from 

cycle-to-cycle.

In contrast to UZ For, VV Pup and ST LMi, the orbital phase at which the faint
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phase ends is constant in BL Hyi to within (j> <^0.02 while the orbital phase at which the 

faint phase starts can vary by as much as (j) ~0.2 (Schwope &: Beuermann 1989). One 

possible factor which may influence this phenomenon is the orientation the magnetic 

field of the white dwarf makes with a line joining the centres of white dwarf and the 

secondary star. This is examined further below.

To determine the orientation of the secondary star with respect to the magnetic 

field of the white dwarf, the phasing of the binary motion has to be determined. If 

the secondary star can be observed in the infra-red or deep red, it maybe possible to 

determine the phase of secondary inferior conjunction, 'ipg. If the phase at which the 

accretion column is closest to our line of sight, ipc’, can be determined from photometric 

and /or polarimetric observations, then (the azimuthal angle of the pole from a line 

joining the centers of the two stars), can be determined from V’ =  V’s ~ (Cropper 

1988). Cropper (1990) lists those systems which have values determined for tp and show 

they cluster around ip -f20°. However, Bailey et al. (1993) detect a shift in ip of up 

to  15° on a timescale of 5-8 years in W W  Hor and DP Leo. These observations are 

consistent with the predictions of Wickramasinghe & Wu (1991) and King & W hitehurst 

(1991) which suggest tha t the magnetic axis of the white dwarf oscillates about an 

equilibrium position on a timescale of ~30-50 years.

It has already been shown tha t an accretion region of variable extent can explain 

the variation in the duration of the bright phase seen in some systems. If the above 

models which suggest the white dwarf oscillates around an equilibrium are correct, then 

the accretion region will appear to move to and from the line joining the center of the 

primary and secondary stars. An analysis of the observations made using R O SA T  and 

discussed above has shown tha t in some systems it is the leading edge of the accretion 

region which varies in its phasing while in one systems (BL Hyi) it is the trailing edge 

which varies in its phasing. One suggestion is that when ip is -f ve it is the leading edge 

of the accretion region which varies in its length, while when ip is -ve, it is the trailing 

edge of the accretion region which varies in its length.

Cropper (1990) gives the values for ip in the following: UZ For, VV Pup and ST 

LMi show Ip = 47 ±  10°, 49±13° and 42±11° respectively. Although some caution
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should be made regarding the exact value of 'ip when the R O SAT  observations were 

made, (since ijj can vary as already noted), it is quite likely tha t UZ For, VV Pup and 

ST LMi had the same sign of ijj at the epoch of the R O SA T  observations since they 

all show a similar value of '0. This is consistent with the above suggestion since all of 

these systems show a leading edge which varies in its extent. It is unfortunate that 

the one system in which it is the trailing edge of the accretion region which varies in 

its extent (BL Hyi), the location of the secondary has not been determined. However, 

one prediction from this model is th a t 0  would be -ve at the epoch of the RO SAT  

observation.

It is clear tha t much more work needs to be done in determing the location of the 

secondary star in AM Her systems. Further, observations need to be carried out over 

an extended period of time (decades) with which to  monitor any shift in 0  over time. 

These observations will be able to test whether the view of the accretion described 

above is valid.
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4.9 Sum mary

The light curves obtained using R O SA T  of two-pole AM Her systems have been studied 

with a view to determining how they influence our perception of the accretion region. 

The main flnding were:

• The morphology of the light curve of UZ For varied substantially. On three 

occasions the rise leading up to  the bright phase was very rapid (0 ~0.03), while 

on other occasions it was much less rapid.

• The rapid rise from the faint phase seen in the data of Mason was modelled 

using an optically thick spot rotating into the field of view. The initial rise is 

well modelled by a spot of radius 3°. The later, steeper rise leading up to the 

bright phase can adequately be modelled by adding a trailing optically thick spot 

with twice the to tal brightness of the leading spot to the model. In the orbital 

cycles where the rise to the bright phase is much less rapid, the light curve can 

be adequately modelled using a single accretion region 3° in radius.

• D ata obtained on UZ For and VV Pup show the trailing edge of the accretion 

region to be constant while the leading edge varies in its extent. This is similar 

to  tha t observed in ST LMi. However, this is in contrast to other (previously 

published) observations of BL Hyi which show the leading edge of the accretion 

is fixed while the trailing edge varies in its location.

• To account for this phenomenon, I suggest tha t it is the angle the magnetic field 

of the white dwarf makes with the secondary star, ip, which influences whether 

it is the leading or the trailing edge of the accretion region which is fixed. There 

is evidence tha t UZ For, VV Pup and ST LMi have the same sign of ip, while 

at present the location of the secondary is not known in BL Hyi. Observations 

of WW Hor and DP Leo show tha t ip varies over time, in which case the above 

model predicts the leading edge of the accretion region (and not the trailing edge) 

in UZ For, VV Pup and ST LMi will be fixed in the near future (of the order of 

a couple of decades).
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C hapter 5

T he ROSAT spectra: an  

overview

5.1 Introduction

In Chapter 1, the spectral characteristics of AM Her systems were discussed. In par

ticular, it was shown that previous observations of AM Her stars (e.g. AM Her; Heise 

et al. 1985, QQ Vul; Osborne et al. 1986) showed tha t I{Ltb,bol +  -^cyc) >  0.55. 

These results are in dissagreement with the standard model (Masters 1978, Lamb & 

Masters 1979 and King Sz Lasota 1979) and became known as the ‘soft X-ray excess’ 

problem. Although the existance of the soft X-ray excess is convincingly established in 

some systems, there is still some uncertainty regarding its incidence among the AM Her 

population as a whole. This is due to the rather unconstrained estimates for the soft 

and hard luminosities made until now. W ith the improved sensitivity of the RO SAT  

PSPC compared with previous instruments, it is clearly im portant to further constrain 

the soft X-ray luminosity and make a more accurate estimate of the energy balance. 

Observations made using Ginga, which was sensitive to l-50keV X-rays, have already 

provided a number of estimates for the temperature of the hard bremsstrahlung com

ponent which allow improved estimates of the bolometric luminosity in this component 

(Ishida 1991). In this chapter, the spectral parameters for a sample of AM Her stars
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observed using R O SAT  are derived with a view to determining their energy balance.

5.2 R eduction  M ethod

Spectra were extracted from the data using A S T E R IX  (Saxton 1992) by applying a similar 

method to tha t described in chapter 3 and converted into a suitable format for the X- 

ray spectral fitting package X S P E C  (Shafer et al. 1991). As there were non-linear gain 

variations in the PSPC as a function of time, the most appropriate response matrix 

was used according to when in the mission the observation was taken (the response 

m atrix for each observation is noted in table 2.1). The most recent calibration data for 

the W FC was used.

5.3 T he diagnostic tools

In modelling the spectral and physical parameters of the accretion region and accretion 

stream , a number of factors play an im portant role. These are outlined below:

5 .3 .1  T h e  b rem sstra h lu n g  te m p e r a tu r e

As the high energy sensitivity limit in RO SAT  is relatively soft (~2.3keV), it is not 

possible to accurately constrain the hard thermal bremsstrahlung temperature, kTtb, 

using the R O SA T  observations alone. An independent estimate of kTtb is necessary to 

fix this param eter when modelling the spectra (i.e. from EIN STEIN  or Ginga observa

tions). When this is not possible, the upper limit to kTfb is derived assuming free-fall 

accretion onto the white dwarf. Frank, King & Raine (1992) show.

_  3 G M
kTtb  — g  ( b ' l )

where kTtb is the post-shock temperature, /i is the mean molecular weight (~0.62) and
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m jj is the mass of hydrogen. This can be re-written as:

kTtb =  (5.2)

using the standard mass-radius of the white dwarf:

Æ =  5.5 X (5.3)

kTtb is measured in units of KeV and M \ is the mass of the white dwarf in units of solar 

masses For a white dwarf of M  =  0.6Af© (a typical mass for white dwarfs), A:Tt6=30keV.

Equation 5.2 gives the upper limit to kTtb since the shock may occur at some 

height above the photosphere of the white dwarf and other radiation processes such 

as cyclotron radiation contribute to the cooling process to some degree. Temperatures 

of AM Her systems derived using Ginga, data (Ishida 1991) give consistent lower mass 

estimates using equation 5.2 compared with independent mass estimates.

5 .3 .2  T h e  lu m in o s it ie s  o f  th e  sp e c tr a l c o m p o n e n ts

In chapter 1 it was shown that there are three distinct components tha t contribute to 

the spectra of AM Her systems:

1. the soft X-ray component (kT  '^SOeV) usually modelled by a blackbody,

2. a hard therm al thermal bremsstrahlung component (kT  '^SOkeV),

3. and a cyclotron component which is visible in the optical-IR waveband.

The luminosities of these components are fundamental in determining the energy 

balance of AM Her systems (the ultim ate goal of this chapter). These are calculated 

in the following way:
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• In the standard model, material in the accretion stream shocks above the photo

sphere of the white dwarf where it is heated up to ~  10® K resulting in the emission 

of hard (10-50keV) thermal bremsstrahlung X-rays. The standard model defines 

the unabsorbed thermal bremsstrahlung bolometric luminosity, Ltb,boh

^ tb,bol ~  ^ ^ ftb ,b o l (b.4)

where ftb,bol is the unabsorbed thermal bremsstrahlung bolometric flux and the 

factor 27t arises since half of the flux is expected to be em itted towards the white 

dwarf. Assuming a small accretion region, no geometrical correction is needed 

since hard X-ray emission is expected to be optically thin.

• Assuming the bremsstrahlung radiation is isotropic, half of the emission is directed 

towards the white dwarf where it is absorbed and re-radiated as a blackbody. 

Assuming the soft X-ray emission is optically thick and can be approximated by 

a small thin slab of material, the unabsorbed blackbody bolometric luminosity, 

Lbb,boh is defined as:

Î hbjbol ~  ^  fbbjbol Sec(z /?) (b.5)

where fbb,bol is the unabsorbed blackbody bolometric flux, i is the system incli

nation and j3 is the angle the rotational pole of the white dwarf makes with the 

accretion region. The sec term  is a geometrical correction factor and accounts 

for the fact tha t the emission is optically thick. For spectra extracted from parts 

of the orbital cycle out with the bright phase the correction factor will be greater 

than the above term implies.

In determining the unabsorbed bolometric X-ray fluxes, the spectra were summed 

over 10~® — lOOkeV.

• The cyclotron luminosity, Tcyc, should be included in any calculation since it

contributes to the accretion luminosity. Here, Lcyc is defined as:

Î cyc — fcyc (b.6)

where fcyc is the unabsorbed cyclotron flux.
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Kuijpers & Pringle (1982) had already proposed tha t the explanation of the soft 

X-ray excess lay in the fact tha t the accretion stream of AM Her stars is highly in- 

homogenous and consists of ‘blobs’ of material with a spectrum of length and density. 

Blobs with sufficently high density will penetrate deep into the white dwarf photo

sphere before being shocked, and their accretion energy thermalized, directly heating 

the surface. Less dense regions of the accretion stream will shock above the white 

dwarf photosphere as in the standard model, yielding optically thin X-ray thermal 

bremsstrahlung and optical/IR  cyclotron emission.

Hameury & King (1988) show that the dense blobs which impact onto the white 

dwarf photosphere behave differently from the assumptions implicit in the standard 

model. They showed that these dense filaments produce soft X-rays which emerge 

from a radiating area which is a  tt. They conclude tha t the same geometrical correction 

should apply to  and Ltb,bol- However, since the aim of this chapter is to determine

the overall incidence of the soft X-ray excess over the standard model among the AM 

Her population, the above equations wiU be used in determining the luminosities of the 

different components.

5 .3 .3  T h e  a ccr e tio n  ra te

The model of Kuijpers & Pringle (1982) proposes an inhomogenous accretion stream 

consisting of ‘blobs’ or filaments of m atter which have a range of length and density. 

Hameury &: King (1988) made detailed studies of the accretion stream and predict an 

accretion rate i^lO^^g s“  ̂ for each individual filament.

If we assume that those flares which we observe (in many wavebands) in AM Hers 

are caused by single filaments, it is possible to determine the to tal mass of material 

which gives rise to a flare if it is assumed tha t gravitational energy is converted into 

X-rays with a certain efficiency. Assuming most of the accretion energy is liberated in 

the form of soft X-rays, this is related by:
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Lace = (5.7)

where G is the gravitaional constant, M  the mass transfer rate, R  the radius of the 

white dwarf. Lace is the accretion luminosity and q the efficiency factor for converting 

gravitational energy into photons which is ~0.3 for accretion onto white dwarfs. 

can be determined using equation 5.3.

5.4 M odelling th e spectra

5 .4 .1  T h e  in te g r a te d  sp e c tr a

Initially, the integrated spectrum of each object was modelled by the following in turn 

using a standard minimisation technique:

• M o d el 1: An absorbed blackbody,

• M o d el 2: An absorbed thermal bremsstrahlung,

• M o d el 3: An absorbed blackbody plus therm al bremsstrahlung.

In model 1, all the parameters were allowed to  vary, while in models 2 and 3, kTtb 

was fixed at the high state tem perature (c.f, §5.3.1) while the other param eters were 

allowed to  vary. Table 5.1 shows the fits to the integrated spectra.

Of the 19 objects listed in table 5.1, only 5 (EU Cnc, DP Leo, MR Ser, RX1007- 

20 and RX1313-32) show acceptable fits with single component models at the 90% 

confidence level. (As a guide, a reduced x3 of 1.29 with 40 degrees of freedom gives 

an acceptable fit at the 90% confidence level). In the case of EU Cnc, DP Leo and 

RX1007-20, the absorbed blackbody model is acceptable at the 90% confidence level 

while the absorbed thermal bremsstrahlung model is not. On the other hand, MR Ser 

and RX1313-32 give acceptable fits with both single component models.
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t

Object Model 1 Model 2 Model 3
Nh '̂̂ bb fbb x l ftb ^^bb fbb kT a x l

Xicfo (eV) XIO-^^ erg XiofO (keV) X 10-^2 erg Xicfo (eV) X10~^^ erg (keV) X 10-^2 erg
cm“ ^ cm“  ̂ s“ ^ (dof) cm“ ^ (fixed) cm“  ̂ 8~^ (dof) cm~^ cm~^ (fixed) cm“  ̂ s~^ (dof)

BY Cam 0.00 176 2.56 15.7 (39) 0.20 30 10.0 4.90 (40) 2.34 53 2.18 30 9.22 1.54 (38)
EU Cnc 1.87 28 0.01 0.56 (2) 0.00 30 0.01 7.65 (3) 1.90 36 0.01 30 0.01 1.27 (1)
V834 Cen 0.00 38 23.6 10.45 (39) 0.00 17[1] 5.85 655 (40) 0.06 35 19.2 17[1] 1.82 1.78 (38)
EF Eri 0.00 33 19.9 421.5 (39) 0.00 15(1] 18.2 1150.2 (40) 0.00 27 16.9 15[1] 18.7 5.99 (38)
UZ For 0.03 32 2.56 1.56 (32) 0.00 30 0.13 189.7(33) 0.10 30 2.49 30 0.04 1.25 (31)
AM Her 0.27 33 295.0 238 (39) 0.00 19[1] 29.2 30790 (40) 0.39 31 285.0 19[1] 12.3 7.75 (38)
AM Her"̂ 0.00 164 0.75 16.3 (39) 0.00 19 1.99 4.31 (40) 1.48 20 0.37 19 1.98 1.14 (38)
WW Hor+ 0.00 260 0.03 5.27 (39) 0.00 30 0.28 1.66 (40) 0.00 148 0.05 30 0.19 1.02 (38)
BL Hyi 0.00 27 5.74 29.9 (32) 0.00 20[2] 2.60 609.2 (33) 0.02 25 5.58 20[2] 1.15 0.67 (31)
BL Hyl+ (II) 0.00 134 0.56 14.2 (39) 0.00 20 0.67 14.8 (40) 0.02 22 0.46 20 0.73 1.35 (38)
DP Leo 0.00 24 1.15 0.80 (45) 0.00 20[3] 0.15 28.0 (46) 0.00 24 1.11 20[3] 0.00 0.82 (44)
ST LMi* 0.00 134 0.32 3.08 (30) 0.00 16[4] 0.49 14.27 (31) 0.07 121 0.28 16(4] 0.18 1.87 (29)
VV Pup 0.78 23 23.1 6.92 (39) 0.00 30[1] 1.75 3756.0 (40) 0.86 22 21.5 30[1] 0.39 3.07 (38)
MR Ser* 0.00 328 0.01 0.67 (8) 2.30 23[5] 0.16 0.93 (9) 0.09 329 0.01 23[5] 0.07 0.77 (7)
AN UMa 0.00 25 6.30 2.03 (32) 0.00 30 1.85 65.1 (33) 0.00 25 6.30 30 0.56 1.34 (31)
EK UMa 0.00 64 3.67 1.33 (45) 0.00 30 1.52 127.0 (46) 0.00 61 3.58 30 0.21 1.09 (44)
QQ Vul 0.36 28 10.6 29.56 (32) 0.00 18[6] 0.19 1936.6 (33) 0.54 25 10.0 18[6] 0.81 3.08 (31)
RE0453-42 0.26 28 3.54 35.2 (46) 0.00 30 0.13 34.4 (47) 0.07 31 2.10 30 0.01 0.68 (45)
RE1007-20 0.50 65 1.47 1.12 (39) 0.00 30 0.29 104.8 (40) 0.64 59 1.42 30 0.071 0.75 (38)
RE1149+28 0.00 26 4.74 3.86 (46) 0.00 30 0.98 196.5 (47) 0.00 25 5.14 30 0.25 1.89 (45)
RE1313-32* 0.00 202 0.04 1.84 1391 0.09 30 0.18 0.99 (40) 1.22 40 0.02 30 0.17 1.00 (38)

Table 5.1: The best h t spectral parameters for the integrated spectra. Model 1: an absorbed blackbody; Model 2: an absorbed thermal 
bremsstrahlung and Model 3: a combined absorbed blackbody and thermal bremsstrahlung. The thermal bremsstrahlung temperature kTtb 
was fixed in the fit for each object. A white dwarf of mciss 0.6M© is assumed unless stated. The observed blackbody flux, is summed over 
the 0.1-0.4keV spectral band and the observed thermal bremsstrahlung flux, /ft, is summed over the 0.5-2.0keV spectral band. An + denotes the 
system was in a low state, while an + denotes the system was in an intermediate state.

[l] Ishida (1991), [2] Beuermann & Schwope (1989), [3] For a white dwarf of mass 0.4M© (Biermann et al. 1985), [4] For a white dwarf of mass 
0.38M© (Cropper 1990), [5] For a white dwarf of mass 0.5M© (Schwope et al. 1993), [6] Beardmore et al. (1994).



The fits, are however, much improved with the two component model. This result is 

consistent with both previous observations and theoretical models which require both a 

soft blackbody and hard thermal bremsstrahlung to  fit the X-ray spectrum adequately. 

There are however, 7 out of the 15 observations which still show unacceptable fits at 

the 90% confidence level even using the two component model -  BY Cam, EF Eri, AM 

Her (in its high state), ST LMi, VV Pup, QQ Vul and RE1149+28. It is possible that 

data  from these systems have not been well fitted due to an intrinsic spectral variation 

over the orbital cycle. On the other hand, some of the cause of this poor fit maybe 

due to systematic errors in the PSPC response m atrix (in particular around the carbon 

edge at ~0.28keV). This will be examined in more detail in chapter 6.

5 .4 .2  T h e  b rig h t p h ase  sp e c tr a

To enable meaningful comparison of the fiuxes in each system and to  allow an appro

priate geometrical correction to spectra were constructed using bright phase

data. In most systems, it was straightforward to determine when in the orbital cycle 

the bright phase occured, i.e. in UZ For, data was extracted from <^=0.64-0.73 in the 

data  of Mason (c.f. figure 3.4). In some systems such as the high state AM Her data 

this was not the ca^e. D ata which were taken as representive of the bright phase axe 

noted in chapter 6. Figure 5,1 shows the infered photon spectra of the bright phase 

data  and best fit models.

In table 5.2 the best fit spectral parameters for the bright phase spectra are shown 

for each object. The errors are determined using standard Atting and show the full 

range at the 90% confidence level (see figure 5.2 for the confidence contour plots in the 

N h  v ’s  kTbb plane). Although table 5.2 gives the full range of possible values at the 

90% confidence level, not every pair of Nf{,kTbb values are within the 90% confidence 

level due to the shape of the confidence contours. The range in Lbb̂ btj was determined 

using the lowest and highest values of fbb̂ boi a-t the 90% confidence level and extreme 

values of i and (3. It was possible to further constrain the spectral parameters for some 

systems by restricting the range in interstellar absorption or restricting the range in 

kTbb by knowing the fractional size of the area emitting as a blackbody and the objects
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Figure 5.1: (cont): The inferred photon spectra of the AM Her sample and best fit 
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distance. Where this was possible it is discussed further in chapter 6.

5.4.3 U ncertainties in the lum inosities

As R O SAT is sensitive to 0.1-2.0keV X-rays, a proportion of the hard X-ray component 

will not be detected. As described earlier, the bremsstrahlung tem perature kTtb is 

not well constrained using the RO SAT data alone. There were, however, 5 AM Her 

systems which were observed both using Ginga. (Ishida 1991) and ROSAT. By fixing 

kTtb in the R O SAT spectral fit at the value determined using Ginga, the bolometric 

fluxes inferred using RO SAT are within a factor of ~2 (either way) to th a t found using 

Ginga (with the exception of AM Her itself). Of course, this is not an ideal comparison 

since the systems may not have been as bright in the two observations. However, 

quasi-simultaneous observations of QQ Vul (Beardmore et al. 1994) show that range in 

ftb,bol using data  obtained from RO SAT and Ginga overlaps to  within a factor of 1.3. 

R O SAT has, of course, the advantage of making simultaneous determinations of fbb,boi

u-nd ftb,bol‘

5.5 T he soft X-ray excess

As discussed in chapter 1, the standard model (e.g. Lamb Sz Masters 1979) predicts:

£ i* ,w x ( l  a ,)  (5 ,s)
{̂ Ltb X (1 -f Ox)) 4* Leye

where is the X-ray albedo coefhcent (King & Watson 1987). The albedo coefhecient 

has been determined to be ~0.3 both from Monte Carlo calculations (Felsteiner h  

Opher 1976) and models of X-ray illuminated atmospheres (Williams, King & Brooker 

1987). These calculations assume a thermal bremsstralung component with a single 

temperature. This, however, is not the case since the hard X-ray spectrum is made 

up of the sum of spectra emitted over the range of temperatures present in the accre

tion region. Kylafis & Lamb (1982) under took a full treatm ent of the X-ray albedo
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en
o

Object kTbb k T tb N h Lbb,bol Ltb,bo{ Lej/e fbb f tb x l
(eV) (keV) Xicfo X10*° X10*° X10®° x io r^ i x io r^ i (dof)

fHxedi cm“ ^ erg erg s“ ^ erg 8~^ erg cm~^ s“ ^ erg cm“  ̂ s~^
BY Cam 56±2% 30[1] 2.1ÎÎ;; 59I : 1.9[2] 0.14-0.77 0.86-1.05 1.25 (44)
EU One 30 0.04lg°o, 0.00+°°® <0.001 <0.0009 1.27 (1)
V834 Cen 3 8 l î i 17[1] o-i3iS:î5 22.2T , 7.611:1 22[3] 2.97-3.40 0.11-0.26 0.94 (38)
EF Eri 2611 15[1] 0.00+°*° 29tl* 9 6 i : 30[4] 3.32-3.56 2.28-2.77 1.07 (44)
UZ For 2511 30 0 .4 4 lg j | 11-21M 05911:11 1.2[5] 0.50-0.57 <0.03 0.48 (45)
AM Her 3 l l : 19[1] 0 .37 lg :l| 3 6 0 lll° 631Ï 230[6] 38.6-41.2 1.60-1.85 1.18 (44)
AM Her^ 1 9 l |f 19[1] 221:% ' 9.14:0.6 11 [6] 2.3-2.6 0.21-0.25 1.13 (38)
WW Hor+ 35dboo 30 1 .4 3 l l ' j 0.22±oo 1.711:1 0.0084:00 0.004-0.058 0.51 (38)
BL Hyi 2711 20[7] 0.0211:11 3 2 i r 23I Ï 8[7] 4.03-4.23 0.42-0.56 1.34 (31)
BL Hyi+ (II) 24l? 20[7] 0.0211:12 3-3l|% 0.04-0.06 0.12-0.14 1.35 (38)
DP Leo 2 s l u 20[8] 000 +18° o o i l ^ '

I .I0I &
0.17[9] 0.10-0.14 <0.008 0.54 (44)

ST LMi* 12i 1?4 16[10] 0.07iS;î? o.20iS;S; 0.027-0.029 0.012-0.024 1.88 (29)
MR Ser* 328±oo 23[11] O.OSioo 02611:11 O.OOlioo 0.007 0.73 (7)
VV Pup 33I I 30[1] 0.00+°^^ 3 io1 !;s” 8.7 ± 2.4 1(12] 13.4-14.8 0.11-0.19 1.03 (45)
AN UMa 23±5 30 0.37lS:l| 3 6 Ü ?

5 - 6 l f l

negligible 0.76-3.81 <0.23 0.79 (45)
EK UMa 
QQ Vul ” S

30
18[13]

0.79lS®7fl
0 .85 lo :«

n î r
looS?” ” 6[13]

0.52-1.37
2.30-2.78

<0.07
0.09-0.19

0.59 (38) 
1.09 (45)

RE0453-42 321Î8 30 0.0111:% 0 0 9 1 ^ ^
0 .2 0 l f l l

0.17-0.27 <0.007 0.67 (45)
R E l007-20 66111 30 0 .2 6 1 1 - o-79ÎS;Sl 0.11-0.12 <0.018 0.39 (38)
RE1149+28 2911 30 O + 0 .6 O 0.911%» 1.09-1.30 <0.049 0.75 (44)
RE1313-32* 40 ioo 30 0.03±oo 0.0024:00 0.009-0.021 1.00 (38)

Table 5.2: The spectral parameters using model 3 for bright phase data (for systems in a low state or where a limited amount of data were obtained, 
an integrated spectrum was used). An implies the system was in a low state, while a ‘+ ’ indicates the system was in an intermediate state. The 
range of parameters is at the 90% confidence level and the value for kTtb in column 3 is fixed. The luminosities in columns 5-7 assume a distance 
of IGOpc. Columns 8 shows the observed û.\ix over 0.1-0.4keV using a blackbody model of fixed kTif,=30eY. Column 9 shows the observed fiux over 
0.5-2.0keV using a thermal bremsstrahlung model and the best fit or fixed value of kT^.

[Ijishida (1991), [2]Remillard et al. (1986), [3] Schwope k  Beuermann (1990), [4] Beuermann, Stella k  Patterson (1987), [5] Ramsay et al. (1993), 
[6] Bailey, Hough k  Wickramasinghe (1988), [7] Beuermann k  Schwope (1989), [8] for a white dwarf mass of O.dAf^ (Biermann et al. 1985), [9] 
using the flux calibrated photometry of Bailey et al. (1993), [10] for a white dwarf mass of 0.38Mg) (Cropper 1990), [11] for a white dwarf mass of 
O.5M0  (Schwope et al. 1993), [12] Wickramashinghe k  Visvanalihan (1980), [13] Beardmore et al. 1994.
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Figure 5.2: (cont): The confidence contour plots for the objects shown in table 5.2 
in the N fj v ’s kTbb plane. The 90% and 99% confidence limits are shown.
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and found tha t the ratio / - Z / f i s  larger than would be the case for a single

tem perature emission region.

Other studies have looked at the suitability of fitting blackbody models to  the soft 

component seen in the spectrum of AM Hers. There are several reasons why spectra 

should be fitted using self-consistent model atmospheres. Firstly, the photospheres 

of white dwarfs are irradiated by the hard thermal bremsstrahlung X-rays emitted 

in the post-shock region. Reflection of X-rays can influence the observed spectra to 

a significant degree. Secondly, the photosphere of the white dwarf will show limb 

darkening or even limb brightening. Williams, King & Brooker (1987) showed that 

while blackbody fits to model atmospheres give systematically higher values for kTbb 

by a factor of 2-5, the value determined for Lib,hol is lower by a factor of only ~2 

compared with their model atmospheres for a low energy cutoflF of ~0.1keV (similar 

to  tha t of RO SAT). Their results show tha t fitting model atmospheres to  soft X-ray 

spectra give similar, or indeed, greater soft X-ray excesses compared with blackbody 

models.

The above results suggest tha t using a single tem perature for kTtb to fit the hard 

X-ray spectra will give a lower value for the Lbf,,bol / Ltb,bol ratio than for an emission 

region which is composed of a range in kTtb. Further, using a blackbody spectrum 

to  fit the soft X-ray component will give similar or lower values for the Lbb,boif Ltb,boi 

ratio  than would be obtained using model white dwarf atmospheres. The results taken 

together suggest tha t the observations which showed tha t the radiant energy balance 

ratio, Lbb,boll{Ltb,bol +  ^cyc) >  0.55 (e.g. AM Her: Heise et al. 1985, QQ Vul: Osborne 

et al. 1986, UZ For: Ramsay et al. 1993), slightly underestimate the size of the soft 

X-ray excess.

Although some systems have been observed to show a soft X-ray excess, it has 

until now been unclear how widespread the soft X-ray excess is present in AM Her 

systems. This chapter gives the results of the analysis of spectra obtained of 18 AM 

Her systems using data  obtained from ROSAT. To make this study as consistent as 

possible, all data  have been analysed using the same technique as described in §5.2. In 

each case, the radiant energy balance has been obtained using a bright phase spectrum
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(unless otherwise stated in chapter 6). To allow for the angle of our line of sight to 

the accretion region, a geometrical correction factor has to be applied to the optically 

thick soft X-ray component. This correction is accounted for in the sec(i — j3) term 

in equation 5.5 and is determined from the values of i and /? tabulated in table 1.1. 

Although it cannot be certain tha t the value used for Lcyc was appropriate for each 

object at the time of the RO SAT  observation, it is generally over an order of magnitude 

less than the value derived for L x -r a y  It is therefore unlikely to influence the flnal 

conclusion regarding the soft X-ray excess (with the exception of AM Her itself where 

Lcyc contributes a relatively large proportion to the overall energy output). In each 

case the energy balance ratio Lbb̂ boi f  {Ltb,boi +  Lcyc) was determined using a value for 

the X-ray albedo of = 0.3.

5.6 T he results

The energy balance ratio Lbb,bolliLtb,bol +  Lcyc) was determined for 16 AM Her systems 

which have been observed using RO SAT  and included in this study. Two of these 

systems (AM Her and BL Hyi) were seen in two distinct intensity states. For another 2 

systems (RE1938-46 and RE2107-05) the energy balance ratio is taken from Ramsay 

et al. (1994). The best fit and the range in the energy balance ratio for these systems is 

shown in table 5.3. A case for a significant soft X-ray over the standard model excess 

exists in V834 Cen, UZ For, VV Pup, AN UMa, RE0453-42, RX1007-2G, RE1149-|-28, 

RE1938-46 and RE2107-05. It is likely tha t there is a soft X-ray excess also in BL 

Hyi, DP Leo, EK UMa & QQ Vul. In the case of BY Cam, EF Eri &: RE1844-74, 

the observations are consistent with the standard model and no soft X-ray excess is 

required. In the case of the low state observations of BL Hyi, ST LMi, MR Ser and 

RE1313-32 it is not possible to make any judgement regarding the energy balance 

because a separate blackbody component is not distinguishable (see chapter 6 for more 

detail of these observations).

For AM Her, caution should be made tha t a simultaneous determination of the 

cyclotron component is desirable to obtain an accurate estimate of the energy balance
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because of its sizable coiitribution to the overall energy output. However, the over

all spectrum obtained from the intermediate state shows a much lower value for the 

Lbb,boi/{Ltb,boi + Lcyc) ratio than in the high state spectrum. The intermediate state 

data  gives an energy balance ratio, Lib,hoi I {Ltb,hoi +  Lcyc) =0.01-0.02 for the spectral 

parameters derived in chapter 6, where we use Lcyc =  11X 10̂ ® erg s“  ̂ d^oo (applicable 

for the intermediate state; Bailey, Hough & Wickramasinghe 1988). This ratio  (using 

kTtb=19keV) is a factor of 30-130 lower compared with the high state energy balance 

ratio. Using the lower limit to  kTtb, (4.5keV; c.f. chapter 6), the energy balance ratio is 

a factor of 10-130 lower than the high state. As the contribution from Lcyc is relatively 

large in AM Her compared to  other systems and uncertain at the epochs when it was 

observed using ROSAT, the ratio of the observed flux from the blackbody and thermal 

bremsstrahlung components over the 0.1-2.0keV spectral band gives a better indication 

to  the relative softness of the spectrum. In the high state, f l u x n f  fluxtb=^0~Q0, while 

for the intermediate state this figure wais 0.15-0.30 (for A;Ttt=20keV-4.5keV). These 

results show the spectrum for the intermediate state is much harder than th a t in the 

high state and further, shows a soft X-ray deficiency over the standard model.

Table 5.3 summarises, for comparison, the energy balance information known prior 

to  ROSAT. Values of Lî bjbol, -C'tb.boZ &nd Lcyc have been taken from the literature (mainly 

results obtained using EXOSAT) and the same method of determing the energy balance 

ratio has been applied as used for the R O SAT  observations. As with some of the 

systems observed using RO SAT, there were a number of instances when no estimate of 

(the probably small contribution of) Lcyc could be obtained. Some of the systems in 

table 5.3 may have been in different states when observed using R O SA T  and EXOSAT. 

In particular, AM Her (in its high state) showed a smaller soft X-ray excess when 

observed using R O SAT  than with EXOSAT. In general, however, the results obtained 

using R O SAT  are consistent but better constrained than previous measurements.

These results show for the first time that a significant proportion of AM Her sys

tems show a soft X-ray excess over the standard model. Indeed more significantly, 

the data  show a wide range of values for the soft X-ray excess. The implication is 

th a t the so called ‘standard model’ is in need of modification. Indeed Kuijpers & 

Pringle (1982) suggested tha t dense filaments of accreting material can penetrate to
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large optical depths in the white dwarf photosphere where most of their kinetic energy 

is re-radiated in soft X-rays with a qnasi-blackbody spectrum. The remainder of the 

accretion flow, the less dense ‘rain’ of material, will shock above the photosphere and 

release its energy according to the description of the standard model (Lamb & Masters 

1979). By adjusting the proportion of dense filaments to the less dense rain of material 

in the accretion stream it is possible, in principle, to produce the range in the soft X- 

ray excess seen here. In chapter 7 possible factors which effect the proportion of dense 

filaments in the accretion stream are investigated. In addition, the systems observed 

in an intermediate and low state are compared with those in a high state with a view 

to obtaining a model of the accretion region which can account for the observations of 

systems covering a wide range in mass transfer rate.
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Object Lbbl{Ltb~\' I^cyc^ LhbH^Ltb Lcyc)

(ROSAT) (pre-ROSAT)

Best fit Range Best fit Range

BY Cam 0.05 0.02-0.51

V834 Cen 0.5 0.3-2.8 ~1[1]

EF Eri 0.13 0.1-0.5 0.06-1.34(2]

UZ For >16.2 >0.5(3]

AM Her 0.8 0.6-1.3 6.8 ~4-10(4]

AM Her"!" 0.01 0.01-0.02

W W  Hor+ 0.17 <2.8

BL Hyi 0.6 0.5-2.6 0.4-2.4(5]

BL Hyi+ 0.2 0.02-4.5

DP Leo >0.6

VV Pup 17.6 9.1-158 0.3-19(6]

AN UMa 12.9 >1.5 >2.6(7]

EK UMa 82 >0.6

QQ Vul 1.7 0.6-4.6 >3.5(7]

RE0453-42 6.7 >1.2

RX1007-20 2.2 >0.6

RE1149+28 4.2 >1.2

RE1844-74 0.21 0.15-3.4

RE1938-46 2.2[8] 1.7-10.6[8]

RE2107-05 3.1[8] 1.5-33.4[8]

Table 5.3: The energy balance for a sample of AM Her stars observed using ROSAT. 

Systems observed in an intermediate state are noted by a In the case of AM Her"*", 

WW  Hor+ and BL Hyi+, kTtb was fixed at 19, 30 and 20keV respectively. [1] Bonnet- 

Biduad et al. (1985), [2] Beuermann, Stella & Patterson (1987), [3] Osborne et al. (1988), 

[4] Heise et al. (1985), [5] Beuermann & Schwope (1989), [6] Patterson et al. (1984), [7] 

Osborne (1988), [8] Ramsay et al. (1994).
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5.7 Sum mary

The radiant energy balance for 19 AM Hers has been determined. For 9 systems there is 

significant soft X-ray excess over the standard model. For another 4 systems it is likely 

tha t a soft X-ray is present. This result lays to rest any lingering doubt regarding 

the incidence of the soft X-ray excess in the AM Her population as a whole. More 

im portantly, however, it shows there is a wide range in the soft X-ray excess. Further, 

observations of AM Her in two distinct intensity states show tha t the observation of 

AM Her in an intermediate state had a much lower energy balance ratio than when 

it was observed in a high state. Indeed, in its intermediate state, AM Her showed a 

soft X-ray deficiency over the standard model. These results are investigated further 

in chapter 7.
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C hapter 6

T he ROSAT spectra: the  

individual sources

6.1 Introduction

In chapter 5 the X-ray spectral parameters for 18 AM Her were given and discussed. In 

particular the energy balance ratio Lhbjboi! {Ltb+Lcyc) was determined for these sources. 

It was found tha t although most systems showed a soft X-ray excess over the standard 

model of Lamb & Masters (1979), some systems were consistent with the standard 

model. More importantly, a range was found in the soft X-ray excess. In chapter 7, 

the origin of this range in the soft X-ray excess is examined. In this chapter, however, 

the individual sources discussed in chapter 5 will be discussed in more detail.

Each system observed in a high state was searched for variations in the soft X-ray 

component over the orbital cycle. The simplest method is to determine the flux ratio 

over two different spectral bands (i.e. 0.1-0.2/0.2-0.4keV). In the following discussion, 

this is defined as the ‘softness’ ratio. Another more sophisticated method is to fit model 

spectra to data obtained in various parts of the orbital cycle and compare confidence 

contour plots in the kT\jb v’s N jj plane. In addition, data  were examined for spectral 

variations between the soft blackbody component and the hard therm al bremsstrahlung 

conponent. For systems observed in a low state or which were poorly sampled, the rel
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atively low flux precluded a systematic search for spectral variations and an integrated 

spectrum was used in the analysis.

As in chapter 3 (which discussed the light curves of the AM Her systems), the 

objects will be discussed in the following order:

T w o-pole system s:

§6.2: UZ For 

§6.3: V V  Pup  

§6.4: EK U M a  

§6.5: R E 1149+28

O ne-pole system s:

§6.6: B Y  Cam  

§6.7: EF Eri 

§6.8: A M  H er  

§6.9: W W  Hor 

§6.10: BL H yi 

§6.11: D P  Leo 

§6.12: A N  U M a  

§6.13: QQ Vul 

§6.14: R E 0453-41  

§6.15: R X 1007-20

S ystem s observed in a low  sta te  or w hich w ere poorly  sam pled: 

§6.16: EU  One 

§6.17: V 834 Cen  

§6.18: ST LMi 

§6.19: M R  Ser 

§6.20: R X 1313-32

T w o-Pole system s
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6.2 UZ For

It is possible to  derive a more constrained fit to the soft X-ray spectral parameters 

in UZ For since both the distance (published estimates are 208±40pc; Ferrario et al. 

1989, and 240±50pc; Beuermann, Thomas & Schwope 1988), and the size of the spot 

(3°; chapter 4) are known to a reasonable degree. Using, the flux per unit area criterion:

Tfcfe =  4TrRlj^fbbaT^ (6.1)

where /«, (=0.0002 for a 3° spot) is the fractional area of the emission region in soft 

X-rays, and also equation 5.3, the range of spectral parameters found in chapter 5 and 

assuming a white dwarf of mass M^jd = 0.7M© (Bailey k  Cropper 1991), it is found 

th a t 19eV < kTbb < 22eV and 6 x 10^^ cm~^ < N fj < 1.0 x 10^° cm“  ̂ for a distance 

of 100-300pc. Using these spectral restrictions and the lowest and highest geometrical 

correction factors (equation 5.5), it is found tha t 4.4 X 10^  ̂ < Lbb̂ bol < 6.7 x 10^  ̂ erg 

s“  ̂ d̂ oo* These results are in excellent agreement with those of Osborne et al. (1988). 

There is no significant difference in the energy balance ratio determined for the bright 

phase state data  of Mason and King.

The data were then examined for spectral variations over the orbital cycle. The 

softness ratio obtained from Mason’s data (c.f. chapter 3) is plotted in the top panel 

of figure 6.1 as a function of orbital phase. The average ratio in the bright phase 

is 1.02±0.06, while in the rise phase the ratio is 1.5±0.3, which indicates tha t the 

tem perature may be lower during the rise phase. To examine this further, the softness 

ratio  obtained from King’s data is plotted in the middle panel of figure 6.1. No evidence 

for a significant spectral variation over the orbital cycle is seen. Spectra extracted and 

fitted using model 3 from the rise phase show no significant difference from th a t of the 

bright phase spectra. It must be concluded tha t no significant spectral variation occurs 

in UZ For. Simultaneous PSPC and W FC S2A data extracted over ^=0.63-0.67 (from 

the data  of Mason) were taken as representive of the bright phase spectrum.
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M a so n 's  d a ta

K ing’s  d a ta

m
5 1 /I  J f

k m

Phase

Figure 6.1: UZ For: The softness ratio (Mason’s data) as a  function of orbital phase 

(top panel); the softness ratio (King’s data) as a function of orbital phase (middle 

panel) and the PSPC light curve (bottom panel).
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6.3 V V  Pup

The fit to the integrated spectrum was poor (c.f. table 5.1) while the fit to the bright 

phase spectrum was good (c.f. table 5.2), indicating the possibility of spectral variablity 

over the orbital cycle. Spectra were extracted from the initial rise (^=0.68-0.80), the 

rapid rise (<^=0.80-0.91), the bright phase (<^=0.91-1.10) and the rapid fall (0=0.10- 

0.18). D ata extracted taken from 0=0.91-1.10 were taken as representitive of the 

bright phase spectrum. The spectra were modelled using model 3 with a thermal 

bremsstrahlung of fixed kTtb= 30keV (the mean observed by Ishida 1991). The spectral 

parameters to these 4 spectra are shown in table 6.1. The confidence contours in the 

kTi^ v ’s N fj plane are shown in figure 6.2 for spectra from the initial rise and bright 

phase. The contours defining the 90% confidence level are clearly separated. It shows 

the bright phase to have a tem perature of '^^3-5eV (35 000-50 OOOK) greater than 

the initial rise phase for a constant value of Nfj .  It seems unlikely tha t the spectral 

variation is due to a change in the absorption column alone since there is not a common 

tem perature at the 90% confidence level. It is possible th a t the change could be due to 

a combination of a variation in the absorption and the em itting area. The range in the 

spectral parameters are such tha t this possibility cannot be ruled out. The low value 

for Nf j  is consistent with observations made using EIN STEIN  (Patterson et al. 1984). 

The confidence contours for the rapid fall spectra lie similarly to the initial rise.

To confirm this result, the softness ratio was plotted as a function of orbital phase 

in figure 6.3. This shows a clear hardening of the blackbody spectra as the accretion 

region emerges into view. It is unclear whether the cause of the spectral variation 

is due to a varying accretion rate along its length (this would effect the soft X-ray 

temperature) or whether it is a variation in the absorption along our of sight (or even a 

combination of the two). The former is consistent with current models of the accretion 

region in which the accretion rate is lower at its outer edges.
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Phase N h kTbb Lbb,boi Î tb,bol

x lO ^ o (eV) x i o ^ i x l O f i (dof)

cm“2 erg s~^ erg s“ ^

0 .6 8 - 0 .8 0 O.OO+O-i® 2 9 i J o .i6 ± g :% | 0 .8 0  ( 3 8 )

0 .8 0 - 0 .9 1 0.00+O.O8 3 1 ± 1 0 .6 2 ± 0 .1 1 1 .0 7  (3 8 )

0 .9 1 - 1 .1 0 o . o 2 i » : " 3 3 ± 1 0 .8 8 i» :5 « 1 .2 4  (3 8 )

1 .1 0 - 1 .1 8 O.OO+O-®® 3 0 i J 0 .2 2 1 0 .1 6 0 .9 2  ( 3 8 )

Table 6.1: VV Pup: The spectral fits to  data taken from different parts of the orbital 

cycle. Each dataset was modelled using model 3 with a thermal bremsstrahlung of 

fixed tem perature A:T(&=30keV. A distance of 100 pc is assumed.

35
Phase=0.91-0.10  
(bright phase)

30

E 25

X3O

Ü 2 0_co
jD

(inital rise) 

Phase=0.68-0.80

0 2 4
hydrogen column density (X10'“ cm ')

Figure 6.2: VV Pup: The confidence contours in the kTtb v’s N h  plane for the faint 

phase, initial rise and bright phase spectra.
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Figure 6.3: VV Pup: The softness ratio plotted as a function of orbital phase (top 

panel) and the light curve plotted as a function of orbital phase (bottom  panel).
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6.4 EK UM a

Although, the spectral parameters were not very well constrained (c.f. table 5.2), it was 

possible to place an upper limit to N h  at the absorption to the edge of the galaxy: 

1 X10^° cm "^(Stark et al. 1984). The spectral parameters for the bright phase spectrum 

using the above constraint are:

kTbb=40tl ô eV 

Lbb,boi= l - l t J i e  X 10^  ̂ erg s ' ^  dfoo

Ltb,boi= O.lto:! X 10^0 erg s" i djoo-

for a  fixed therm al bremsstrahlung temperature A;Ttb=30keV (the tem perature expected 

of a white dwarf of mass M  = 0.6Mq -  a mass typical of white dwarfs). This does not 

alter the range in the value of Lbb,bolI(Ltb^bol +  Lcyc) for BY Cam shown in table 5.3.

To determine if any spectral variation was present during the course of the orbital 

cycle, the softness ratio is plotted in figure 6.4 as a function of orbital phase. Spectra 

were extracted from various sections of the data  and fitted with model 3. No evidence 

is found for significant spectral variation over the orbital cycle.

D ata taken from the bright sections (0 <^0.45-0.60 & 0.75-0.85) were used to make 

up a representitve spectrum of the bright phase. D ata covering the dips in the light

curve (assumed to be due to the accretion region being obscured from our line of sight

by the accretion stream) was excluded. The above value of Lbb̂ boi is a lower limit as no 

geometrical correction was made.

6.5 R E 1149+28

A spectrum made up of the bright phase data from 4 orbital cycles was made and taken 

as representitve of the bright phase spectrum. No geometrical correction was made in 

determining Lib,hot both i and (5 are unknown. In any case, as the data  were taken 

from such a wide range of orbital phase, this correction would not be very certain.
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Figure 6.4: EK UMa: the softness ratio gis a function of orbital phase (top), and the 

PSPC light curve (bottom ).
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i

Figure 6.5: RE1149+28: The softness ratio plotted as a function of orbital phase (top 

panel), and the folded light curve (bottom  panel). In each case the data  has been folded 

on a period of 89.8 mins where the phasing is axbitaxy.

This implies the value derived for is a lower estimate for this parameter.

The softness ratio is plotted in figure 6.5 as a function of the orbital phase. There 

is no evidence for a spectral variability in the soft component. This was confirmed from 

spectra extracted from various sections of the orbital cycle (such as the rise section, 

the bright phase and the fade from the bright phase) and fitted using model 3.
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O ne-pole system s

6.6 B Y  Cam

In chapter 5 it was shown tha t the observed energy balance ratio found in BY Cam weis 

consistent with the standard model. However, perhaps the most interesting aspect of 

the BY Cam data is the variability seen between the soft blackbody and hard thermal 

bremsstrahlung components. Figure 6.6 shows a number of individual data sections in 

the soft (0.1-0.4keV) and hard (0.5-2.OkeV) spectral bands. It is notable tha t in some 

data  the soft and hard bands show very similar morphologies (e.g. in cycle 15763.45 

and 15774) whilst at other times show no apparent correlation at all (e.g. cycle 15762). 

The short flare (A i 40 secs) at cycle 15750.96 is very soft; there is no evidence of 

the flare in the hard X-ray band. Further, the very bright and active section of data 

observed in cycle 15771 is concentrated mainly in the 0.1-0.4keV spectral band. While 

the flux in the soft X-ray band increases by '^lOO in this data  compared to the previous 

cycle, the flux increases by only a factor of <~10 in the hard X-ray band.

The softness ratio is plotted as a function of orbital phase in figure 6.7. No evidence 

was found for significant spectral variation during the course of the orbital cycle. As 

a further check, spectra were extracted from various parts of the data  and fitted using 

model 3. No evidence for a significant spectral variation was found.

For the purposes of the energy balance determination a representitve spectrum was 

made from bright phase data obtained during cycles 15749-15751. RemiUard et al. 

(1986) found Lopt =  1.9 X 10^° erg s~^ d^ogduring the bright phase. If this value can 

be regarded as the upper limit to Lcyc i^  the bright phaxse (as not all of the optical flux 

originates from cyclotron radiation), then the energy balance ratio in the bright phase 

is Lbb,boiI{Ltb,M +  Lcyc) =  0.02 -  0.5 at the 90% confidence level. Since no geometrical 

correction factor has been taken into account (since i and j3 are well known), Lbb,bol 

may have been underestimated and the energy balance ratio is slightly greater than 

0.5.
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D a t a k T b b k T t b N h L b b fb o l L tb fb o l x l

(e V ) (k e V ) ( lO f o  c m - 2 ) (erg  s - i ) (erg  8 - 1 ) (d o f)

B l ig h t  p h a se 30  (fix e d ) o.eiS;’ X 10*1 5 .9 ± i  i  X lO ’ i 1 .2 5  (4 4 )

B r ig h t  flare 5 3 i= 30  (fix e d ) 2 . 2 t l i 3 . 7 l i  * X lO 'i 3 . l i °  * X 10*1 1 .1 4  (4 4 )

Table 6.2: BY Cam: The best fit parameters and 90% confidence limits for represen

titive bright phase data  and the bright soft X-ray flaxe data. A distance of lOOpc is 

assumed.

The energy balance for the bright X-ray flare in cycle 15771 is now determined. 

The spectral parameters kTi^ and N h  determined for the bright flare were similar 

to  tha t found for the bright phase spectrum, although parameters were more con

strained. Fixing the absorption at 2 x 10̂ ® cm~^(the best fit), the energy balance ratio, 

Lbb,bol/ {Ltb,bol +  Lcyc) =  0.4-0.6 at the 90% confidence level. Fixing the absorption at

2 X 10^° and fitting the bright phase spectrum, the energy balance ratio is 0 .0 4 -0 .5 . 

These results show tha t both the energy balance ratio  in the bright phase and the 

bright flare are consistent with the standard model.

The observations reported here show that the soft and hard X-ray band light curves 

are quite well correlated between (f> ~  0.4 —0.6 (c.f. figure 6.6), while between <f> ~  0.9 —

1.2 they are not well correlated. The standard model (Lamb & Masters 1979) predicts 

tha t there wiU be a close correlation between the soft and hard X-ray components. 

If there are two accretion regions which are visible over half of the orbital cycle and 

only one during the other half (Mason, Liebert & Schmidt 1989) then the correlation 

between the soft and hard components will be diluted when both accretion regions are 

visible. It is then possible for the accretion at both poles to  be consistent with the 

standard model, which the energy balance ratio determined for various parts of the 

orbital cycle suggests is the case.

Silber et al. (1992) claim tha t observations of BY Cam made using E X O SA T  show 

no evidence of a soft X-ray component. To verify this, an integrated ME spectrum and 

the LE spectral data point data  were extracted from the E X O SA T  database. Model

3 was found to be better than either model 1 or 2 at the 99% confidence level. The 

derived spectral parameters were of the same order as tha t shown in table 5.2. It must 

be concluded tha t the EX O SAT  spectrum is consistent with a combined absorbed
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blackbody and therm al bremsstrahlung model.

6.7 EF Eri

The poor fit to the integrated spectrum (c.f. table 5.1) but the good fit to the bright 

phase spectrum indicates the possibility of a spectral variation over the orbital cycle. 

The softness ratio is shown in figure 6.8 as a function of orbital phase. There is no 

evidence for significant spectral variablity in the soft blackbody component. Spectra 

were extracted from various sections of data and fitted with model 3: there was no 

significant variation in the soft blackbody component spectra. Due to the low intensity 

rate over the absorption dip, it was not possible to  show any significant diiference 

between the dip spectra and the bright phase data. Although no significant variation 

in the softness ratio was found, there were a number of instances where soft X-ray flares 

occured but there was no corresponding hard X-ray flares (figure 6.8).

D ata from cycle 73713.05-73713.22 (c.f. chapter 3) were taken to make a repre

sentitve bright phase spectrum. A good fit to the bright phaae spectrum was obtained 

using model 3 (table 5.2); this is in contrast to the poor fit to the integrated spectrum 

(table 5.1). It is possible tha t data from the absorption dip may have contributed to 

the poor fit of the integrated spectrum.

6.8 AM  Her

6 .8 .1  T h e  h igh  s ta te  d a ta

The poor fit to the integrated spectrum (c.f. table 5.1) but the good fit to the integrated 

spectrum suggests the possibility of a spectral variation over the orbital cycle. The data 

were initially searched for spectral variations in the soft component. The light curve 

waa normalised in such a way as to bring the mean lower flux in each data section 

to zero and remove any linear trend in the data. In this way, it was possible to study
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Figure 6.6: BY Cam: the PSPC light curves in the 0.1-0.4keV and 0.5-2.0keV spectral 

bands for a selected number of individual data sections folded on the ephemeris of 

Piirola et al. (1994).
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Figure 6.7: BY Cam: The softness ratio plotted as a  function of orbital period (top 

panel), the light curve (bottom  panel).

individual flaxes rather than the to tal flux which was made up of many indistingushable 

flares. Figure 6.9 shows a number of the most interesting data  sections. In particular, 

it shows the normalised light curve in the lower panel, the softness ratio as a function 

of orbital phase in the middle panel and the normalised count rate as a function of the 

softness ratio in the top panel. These diagrams illustrate tha t when the intensity is 

high, the soft blackbody component is generally harder than when the intensity is low. 

In addition, it is not the actual intensity of the flares which determines the hardness of 

the individual flaxes. In cycle 41458, relatively low intensity flaxes axe as hard as more 

intense flaxes.

To confirm this result, spectra were extracted from data  taken before and after a 

flare and during a flaxe itself. Spectra were modelled as before using model 3 with a 

fixed tem perature, kTtb=20 keV (Ishida 1991). The confidence contours in the kTbb 

v ’s N h  plane axe shown in figure 6.10 for two such events. Figure 6.10 a) shows the 

combined data  extracted from the flaxes at cycle 41455.708 and 41455.731 and data 

before and after the flaxes themselves. Likewise, figure 6.10 b) shows data extracted
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Figure 6.8: EF Erl: The softness ratio as a function of orbital phase (top panel), the 

PSPC light curve (middle panel) and the soft-hard ratio as a function of orbital phase 

(bottom  panel).
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Figure 6.9: AM Her (higli state): The normalised light curve (see text) (bottom  panel); 

the softness ratio as a function of orbital phase (middle panel) and the softness ratio 

as a function of normalised count rate (top panel).
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Figure 6.9; (cont): AM Her (lügh state): The normalised light curve (see text) (bottom 

panel); the softness ratio as a function of orbital phase (middle panel) and the softness 

ratio  ELS a function of normalised count rate (top panel).
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C y c le Nh kTbb Lbb,b<A Ltb,hol xl E n e r g y J->bh,holl
N o . x lQ :*

c m “ ^

(e V ) xlO®^

erg

)<1Q31

e rg  s~^

(d o f ) B a la n c e

R a t io

Ltbjbol

4 1 4 5 5 .7 1 F la r e o . i 3 i S : « 4 0 i | 3 8 ± |: 9 . i± S : l 0 .8 4  (4 4 ) 8 - 8 i f ; |

4 1 4 5 5 .7 1 N o n -F la r e 35±S 2 8 l |® 0 .8 7  (4 4 ) 6 . 2 i i : |

4 1 4 5 8 .2 8 F la r e 3 2 i î o 7 6 lto * 5-o iS ;J 0 .7 6  (4 4 ) 1 4 -3 iJ ‘i°

4 1 4 5 8 .2 8 N o n -F la r e i - s o i n o 1 8 i ‘4 8 4 0 l ~ o 0 .5 8  (4 4 ) o - s i S i

Table 6.3: AM Her (bigL state): The spectral fits to data  tahen during flares and 

before and after flaxes. Each data set was modelled with an absorbed blackbody and 

a therm al bremsstrahlung of fixed temperature kTtb=l9 keV. A distance of lOOpc is 

assumed. The energy balaxice ratio is derived using a fixed value N h  =  5 x 10^  ̂

cm“ ^and Tcyc =  2.3 X 10^  ̂ erg s~^.

from the flaxe at cycle 41458.285. Table 6.3 shows the best fit and 90% confidence 

interval for the four spectra. The fits to  the spectra are much improved in comparison 

with the integrated spectrum and implies the source of the poor fit to the integrated 

spectrum is intrinsic spectral variability. Table 6.3 also shows the energy balance ratio 

and the ratio Ltbjboi for a fixed value of N h  =  5 X 10^^ cm“ ^. These results

imply tha t flares show significantly larger values for the soft X-ray excess assuming a 

constant value of Lcyc = 2.3 x 10^^ erg s“ ^(Bailey, Hough & Wickramasinghe 1988) 

and constant fractional area, /«, of the blackbody component. Figure 6.10 shows quite 

conclusively, tha t for a constant value of N h -, the flaxes have temperatures between 

4-6eV (46000-70000K) greater than out with the flares. Alternatively, it is possible 

tha t the spectral variation is due to an increase in the absorption during the flares 

events, although it is difficult to envisage how this would occur.

Spectra were extracted from data which were in the following intensity ranges: 0-50 

cts s " i , 200-230 cts s“ ^and >500 cts s~^. D ata of intensity 200-230 cts s“ ^were chosen 

as representitive of the bright phase spectrum since this was the mean intensity during 

the high state. As a result of the data originating from a vaxiety of orbital phases, no 

geometrical correction was taken into account when deriving and hence this is a

lower estimate to this parameter.

The spectra were modelled as before and the resulting fits are shown in table 6.4.
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Figure 6.10: AM Her (kigh state): Confidence contour plots in the kTbb v’s N h  plane 

for spectra of two hares and spectra extracted from data  taken before and after the 

flaxes.
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Intensity N h kT n Lbbybol Ltbfbol x l Energy ^bbjbol/

Range XlÔ o (eV) XlO î XlGfi (dof) Balajice ^tb,bol

(cts s " i) cm“ ^ erg s“ ^ erg s“ ^ Ratio

<50 0.55j;§;f^ 2 5 ii i - e io j 1.02 (44) 5-3iJ:J

200-230 0.37^î;î^ 3 i i i 3611° 6.3±gj 1.18 (44) 1.3±0.1

>500 0.37l«;J® 3 4 i | 1.06 (44) 2.4±g:S 14.0 i“

Table 6.4: AM Her (bright phase): The spectral fits to data  of different intensities. Each 

data  set was modelled with an absorbed blackbody and a therm al bremsstrahlung of 

fixed tem perature keV. A distance of lOOpc is assumed. The energy balance

ratio  is derived using a fixed value N h  =  5 x 10^^ cm“ ^and Lcyc =  2.3 x 10^^ erg s“ .̂

The confidence contours for the data in the kTbb v ’s N h  plane is shown in figure 6.11. 

This shows a clear separation of the contours indicating the tem perature of the brightest 

m aterial is greater by '^6eV (70 GOOK) than material with the lowest intensity for a 

fixed value of N h=  5 x 10̂ ® cm“ ^(this is the highest value for N h  which lies within the 

90% confidence range for all 3 spectra) and constant fit-  Table 6.4 shows the energy 

balance ratio and the ratio Lbb,b<Af Ltb,boi using a fixed value N h  =  5 x 10^^ cm“ ^and 

Lcyc =  2.3 X 10^  ̂ erg s“ .̂ These results show an increased soft X-ray excess for high 

intensities.

D ata were then searched for spectral variations between the soft and hard X-ray 

components. A number of sections of data  are plotted in figure 6.12. These light curves 

are unusual in tha t in some instances the light curves appear to correlate well to some 

degree (c.f. in cycle '^41459.3); in other cases there is no correlation at all (c.f. in cycle 

^41458.8) and at other times there is an anti-correlation (c.f. '^41452.6). In the case of 

BY Cam this phenomenum can be explained by assuming tha t only one accretion region 

is visible when the soft and hard X-ray components correlate well while two accretion 

regions are visible when they do not correlate. In the case of AM Her, however, this is 

not possible as the degree of correlation is not influenced by the number of poles visible 

at one time. Rather it seems more likely AM Her is not consistent with the standard 

model of Lamb & Masters (1979) and tha t the proportion of dense filaments which are 

present in the accretion stream (and which will result in the emission of predominately
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Figure 6.11: AM Her (bright phase): Confidence contours in kTbb v ’s N h  plane for 

spectra extracted from data having intensities: 0-50, 200-230 and 500-f cts s” ^.

soft X-rays) infuences this correlation.

Using the range of Lbb,bol obtained using a fixed value of N h =  5 X 10̂ ® cm“^for 

the fiares tabulated in table 6.3, equation 5.3 and taking the mass of the white dwarf 

in AM Her as O.OOAf© (Cropper 1990), it is possible to determine the mass-transfer 

rate  during the duration of the flares by subtracting the luminosity obtained outwith 

the flare from the flare itself. This gives a mass accretion rate of 3 — 6 X 10^^ g s~^ 

for the flare at cycle 41455.71 and 2 — 8 X 10̂ ® g s~^ for the flare at cycle 41458.28. 

This is consistent with the accretion rate for dense filaments of m aterial (^  ̂ 10̂ ® g s“ ^) 

predicted by Frank, King & Lasota (1988).

6 .8 .2  T h e  in te r m e d ia te  s ta te  d a ta

The integrated intermediate state spectrum of AM Her was relatively unconstrained 

compared with the high state data. However, by fixing the interstellar absorption at 

4.5 X 10̂ ® c m " ^ (obtained from the bright state observation), the range in spectral 

parmeters of the soft component are: kTbb= 25-33eV, Lbb,bol— 0-32 — 0.65 X 10^ erg
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s~^ d\oQ and ^(6,boZ=8.4 — 9.4 X 10^ erg s“  ̂ djgo^sing a therm al bremsstrahlung model 

of kTtb=19keV (as for the high state data). Using the lower limit of kTtb (4.5keV) gives 

Ltb,boi=^-^ -  4.2 X 10^°. No geometrical correction has been applied to Lbb̂ bol since an 

integrated spectrum has been used. In any case the geometrical param eters in table

1.1 imply a relatively small correction (1.07-1.35).

Comparing the ratio of the observed soft/hard flux in the bright and the interme

diate state using the above spectral parameters, the intermediate state shows a much 

harder spectrum than the bright phase (the soft/hard ratio has decreased by a factor of 

~150 in the intermediate state compared with the high state). As discussed in chapter 

5, AM Her in the intermediate state shows a soft X-ray deficiency over the standard 

model.

Equation 6.1 gives /)* =  3 x 10“  ̂— 5 X 10“ ® using the above spectral parameters 

where a distance of 75pc hats been used (Cropper 1990). This is consistent w ith previous 

determinations of the size of /«> in systems observed in the high state (/«, =  10“  ̂—10“ ®; 

Cropper 1990).

6.9 W W  Hor

In chapter 3 it was shown tha t WW Hor was in an intermediate state when observed 

using ROSAT. Using bright phase data models 1-3 gave equally good and acceptable 

fits at the 90% confidence limit, although model 3 gave an unconstrained value for 

kTbb’ However, by fixing the blackbody temperature at kTbb=^0 eV (typical of AM 

Her systems) and the upper limit to the interstellar absorption at N jj = 3.3 x 10^° 

cm“ ^(Stark et al. 1984), Lbb,bol < 2.2 X10̂ *̂  erg s“  ̂ d^ogusing model 3 with kTtb <30keV. 

Using equation 6.1 and a white dwarf of mass M  =  0.71M@ (Bailey et al. 1993), the 

fractional area of the blackbody component is / t t  < 6 x 10“® where no geometrical 

correction has been applied to  Lbb,boi’ The size of the blackbody component is likely to 

be of similar size to tha t found in the high state (/w> =  10“  ̂— 10“ ®; Cropper 1990) as 

the effect of including the geometrical correction is likely to increase fi^.
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6.10 BL H yi

As discussed in chapter 3, the observation of BL Hyi was unusual in tha t 3 bright 

flares were observed whilst in an otherwise intermediate state. Spectra were extracted 

from the 3 flares and from the intermediate state data. The confidence contour plot in 

the kTbb v ’s N h  plane for two of the flare spectra are shown in figure 6.13. There is 

a significant spectral difference between the flare occuring between 0.14-0.28 and the 

flare seen between 0.75-0.79. It is likely tha t these spectra correspond to emission from 

the main and secondary accretion poles (c.f. chapter 3). For a constant value of N h  

and em itting area, the main pole is l-3eV  (12 000-35 OOOK) hotter than the secondary 

accretion pole.

The intermediate state spectrum is now examined in more detail. The fits (exclud

ing the flares) using single component models are not adequate (c.f. table 5.1): model 3 

is required for a satisfactory fit to the data. The upper limit to the interstellar absorp

tion was taken from the fits to the bright flares (5 X 10̂ ®) cm~^. Spectra were extracted 

from phases <{> ~ 0 .15-0.35 (the brighter part of the cycle) and <j> '^0.35-1.15 (the fainter 

part of the orbit). Model 3 gives an acceptable fit to the bright phase spectrum at the 

90% confidence level with kTtb=20 keV (Beuermann & Schwope 1988), while in the 

faint phase models 2 and 3 give acceptable fits. The spectral fits to the bright phase 

data  are:

% = 1 7 -3 3 e V  

Lbb,bol =  0 .8  -  8 2  X 1 0 ^°  e r g  s “  ̂ d foo  

Xfft=5.2 -  6.7 X 10^° e r g  s“  ̂ dJoo 

for kTtb=20keY (fixed).

The energy balance ratio Lbb,b<A/ {Ltb,bol +  Lcyc) =0.24 with a range 0.02-4.5 using 

Tcyc=l-4xl0^° erg s“  ̂ djgo (Beuermann & Schwope 1989). For kTtb=lkeY, the fit 

was not significantly improved.

As in AM Her, it is possible to determine the accretion rate from equation 5.7. 

Taking the mass of the white dwarf as M©=0.45 (determined assuming kTtb=20keV
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Figure 6.13: BL Hyi: Confidence contour plots in the kTbb v ’s N h  plane for two of the 

3 bright flares.

and using equation 5.2) and the range in L x-ray  using a fixed value of N h  =  5 x 10̂ ® 

cm~^, the accretion rate over the bright phase </>=0.14-0.28 is 1 — 2 x 10̂ ® g s~^. For 

the bright phase over <^=0.75-0.79 the range is very similar. This implied mass transfer 

rate  is of the same order as seen in the flares observed in AM Her.

6.11 D P  Leo

The softness ratio is shown in figure 6.14 as a function of orbital period. There is 

no evidence for spectral variation over the bright phase. There is evidence, albeit 

weak, tha t the soft blackbody component is harder over the intensity dip at (j> '^0.95, 

supporting the view tha t the dip is due to the accretion region being obscured from our 

line of sight by absorping material. Spectra extracted from different parts of the data 

showed no significant spectral variation. D ata covering the bright phase {(j> 75-0.90

& 0.05-1.15) were used to make a spectrum which is representitive of the bright pha.se.
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Figure 6.14: DP Leo: The softness ratio as a function of orbital phase (top panel); the 

light curve as a function of orbital phase (bottom  panel).
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Figure 6.15: AN UMa: The light curve (top panel); the softness ratio as a function of 

orbital phase (bottom  panel).

6.12 A N  U M a

The softness ratio is plotted aa a function of orbital phase in figure 6.15. No significant 

spectral variation is seen. To confirm this, the data were split into suitable sections 

and were fitted with model 3, (when available the simultaneous PSPC and W FC data 

were fitted). There were no variations in the spectral parameters at the 90% level.

Simultaneous PSPC data  and W FC S2B data covering the phase range <^=0.10- 

0.18 (when the accretion region weis near to face on) were used to make a spectrum 

representitve of the bright phase.
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6.13 QQ Vul

The poor fit of the integrated spectrum to models 1-3 (c.f. table 5.1) and the good 

fit to the bright phase spectrum (c.f. table 5.2), indicate the possibility of spectral 

variabilty over the orbital cycle. The softness ratio is shown in figure 6.16 along with 

the light curve. This shows evidence of spectral variability over the orbital cycle, 

with the spectrum being harder near (f> '^0.0 compared with <j> <^0.5. To confirm this, 

individual data sections were modelled using model 3 with a fixed value of kTtb=lS keV 

(Beajdmore et al. 1993). Figure 6.17 shows the confidence contours for three such data 

sections plotted in the kTbb v’s N h  plane. Again, there is evidence of spectral variability 

over the orbital cycle, with the spectrum being harder near <f> '^O.O. For a fixed value of 

N h -, the spectrum taken from <f> '^O.O is hotter than the spectrum taken from <f> ~0.5 by 

2-4 eV (23 000-46 OOOK). Alternatively, assuming a constant tem perature of kTbb=26eV 

requires an increase in the absorption of 3 x 10̂ ® cm~^between sections 5 and 3 coupled 

with an increase in the projected axea of the accretion region. The errors in the spectral 

parameters are such tha t it is not possible if a change has occured in the projected 

area. The confidence contours of the large flaxe seen in section 1 showed no significant 

difference between either the spectrum of data taken before and after the flare or 

between sections 2 and 3.

The data extracted from section 2, were used as representitve of the bright phase 

spectra. Table 6.5 shows the spectral fits to the three spectra. The fits show relatively 

high residuals around 0.2-0.3keV, possibly due to systematic errors in the response 

m atrix around the carbon edge at 0.28keV.

Beardmore et al. (1993) examined these R O SAT  observations together with con

temporaneous observations made using Ginga and concluded tha t the spectral variation 

is best explained by two-pole emission which have a tem perature difference of 2-4eV. 

Further, they conclude the hard X-ray component originates from the pole nearest the 

secondary, while the bulk of the soft X-ray emission originates from the other pole.
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Section Phase N h kTa, b̂b,bol t̂b,bol XÎ

of {<!>) Xl020 (eV) XlGfi XlO^l (dof)

da ta cm~^ erg s“ ^ erg s“ ^

2 0.90-1.00 0.63tJ*3| o-6 iio :li 1.31 (31)

3 0.95-1.10 O -S lia iî 23±3 i 4 i f o.6oig:îf 1.87 (31)

5 0.38-0.55 0.46±ifi° 2 4 i | 0.25i8;g| 2.16 (31)

Table 6.5: QQ Vul: The spectral fits to sections of data  modelled with model 3 using 

kTtb=lS  keV. A distance of 100 pc is assumed.
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Figure 6.16: QQ Vul: The softness ratio plotted as a function of orbital phase (top 

panel) and the light curve (bottom  panel).
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Figure 6.17: QQ Vul: The confidence contours plotted in the kTbb v’s N h  plane for 

various sections of data.

6.14 R E 0453-42

The softness ratio was determined for various sections of data. No significant spectral 

variation was found. The softness ratio as a function of orbital phase is not shown since 

the exact period of the system is as yet, not accurately known. Spectra were extracted 

from various sections of data  and fitted with model 3. Again no significant spectral 

variation was found. The spectrum extracted from all bright phase data  was found not 

to give very constrained spectral parameters. The integrated spectrum using the data 

from cycles 3835-3878 (c.f. chapter 3) was found to  lie inside the contours of the bright 

phase spectrum, but was much more constrained. Hence the integrated spectrum was 

used in the spectral analysis. No geometrical correction waa made to  Lbb,bol the 

geometrical system parameters are not known and hence it is possible tha t Lbb̂ boi is 

underestimated to some degree.
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Figure 6.18: RE1007-20: The softness ratio plotted as a function of orbital phase (top 

panel), and the folded light curve (bottom  panel). In each case the data  has been folded 

on a period of 207.1 mins where the phasing is arbitary.

6.15 R X 1007-20

The softness ratio is plotted in figure 6.18 as a function of orbital phase. There is 

no evidence for a spectral variability in the soft component. This was confirmed from 

spectra extracted from various sections of the orbital cycle and fitted using model 3. 

A spectrum obtained using data  from <f> =  G.8-1.2 (excluding data  from the deep dip) 

was used as representitive of the bright phase spectrum. No geometrical correction was 

made to Lhb,bol i and (5 are unknown quantities and hence it is possible tha t Lî ^bol 

is underestimated to some degree.
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System s observed in a low or which were poorly sam
pled

6.16 EU Cnc

The spectrum of EU Cnc was not well constrained due to  its apparent faintness. If the 

system is associated with M67 {d r^750 pc), then the absorption can be fixed at the 

distance of M67 (~  4 X 10^° cm“ ;̂ Belloni, Verbunt & Schmitt 1993). Assuming the 

size of the accretion region which is emitting in soft X-rays is similar to  tha t found for 

the high state (/w, = 10“  ̂ — 10“ ^), fixing the absorption at the above value and using 

eqn 6.1, then A;T(*=10-20eV and Lbb,hol= 1 — 100 X 10^  ̂ erg s“ ^. These parameters are 

consistent with typical values seen in AM Her stars and gives additional weight to the 

object being an AM Her system.

6.17 V 834 Gen

Although V834 Cen was observed using R O SAT  on four different occasions, the ob

servations covered a similar part of the orbital cycle {</> =  0.75 — 1.15). No significant 

spectral variation was seen in the data. The data  covering cycle 53647 were taken as 

representitive of the bright phase as these data were the least effected by quasi periodic 

oscillations which were present in all four data sets to some degree.

6.18 ST LMi

In chapter 3 it was shown tha t the phase folded binned light curve of ST LMi indicates 

th a t there is a bright phase in the observations obtained using ROSAT. The location 

of this bright phase in the orbital cycle is consistent with it originating from the main 

accretion pole. However, unlike the high state (Beuermann, Stella & K rautter 1984), 

there is a positive flux seen throughout the orbital cycle indicating th a t in the faint
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phase we are either observing emission from a hot white dwarf in the absence of accre

tion or emission from the accretion region at the other magnetic pole which is visible for 

almost the whole orbital cycle (Peacock et al. 1993). Were no accretion present in the 

faint phase we would expect the bright phase (with its additional accretion component) 

to show a significantly different spectrum to the faint phase. This is investigated below.

The long exposure of this source enabled us to obtain sufficiently high quality 

spectra of the ‘fain t’ and ‘bright’ phases to make meaningful comparisons. They were 

found to be very similar both in their shape and their fitted spectral parameters. To 

obtain a spectrum of the main accretion region, the faint phase spectrum was subtracted 

from the bright phase spectrum (this was necessary since the secondary accretion pole is 

in view for almost the whole of the orbital cycle). Dividing the spectrum obtained from 

the main accretion region by the spectrum obtained from the faint phase, it is found 

th a t the two spectra were essentially indistingushable: the divided spectrum when fitted 

with a constant value for the main to secondary accretion flux ratio gave a reduced 

X ^ = 0 .9 8  (4 6  dof). In addition, both the spectrum of the main and secondary accretion 

regions gave a significant signal (36<t and 29(7 respectively over the sky background) 

in the 0.5-2.0keV spectral band. This flux in this spectral band is in excess of what 

we would expect from isolated (i.e. non accreting) white dwarfs which typically have 

temperatures i$60 OOOK (Barstow et al. 1993).

The lack of a significant difference between the spectra from the main and secondary 

accretion regions combined with the presence of a significant flux in the 0.5-2.0keV 

spectral band indicates tha t it is highly unlikely tha t we are observing the hot white 

dwarf in the absence of accretion. Rather, these results support the above hypothesis 

tha t accretion is occuring at both poles in the faint state and the accretion flow is much 

more equally distributed between the two poles than in the high state.

The above result implies tha t it is possible to use the integrated spectrum to derive 

the spectral parameters of ST LMi in the low state. The fits to the integrated spectrum 

using models 1-3 are poor (c.f. table 5.1) when kTtb was fixed at the high state tem

perature kTtb= 16keV (the temperature expected from equation 5.2 assuming a white 

dwarf mass of 0.38M©; Mukai &: Charles 1987). The upper limit to the absorption was

195



N h  =  1.5 x  10^° cm“ ^(Stark et al. 1984). As fcTffe=16keV may not be applicable to the 

low state, models 2 & 3 were again used to fit the data but letting kTth vary. Model 2 

gave the following spectral parameters:

kTa, =  keV

N h  =  0.88l®;“  X 10“  cm -:

L ,b  =  1 . 0 l i 8 : î |  X 1 0 “ <ffoo 

x l=  1.32 (31)

The above spectral parameters give an acceptable fit at the 90% confidence level. 

Using the F-test it is found tha t this model gives a better than the fit obtained using 

model 2 with fcTti,=16 keV at the 99.99% confidence level. Further, it is better than 

an absorbed blackbody model at the 98.6% confidence level demonstrating tha t the 

absorbed therm al bremsstrahlung model is prefered. Moreover, kTn, is over an order of 

magnitude cooler in the low state compared to the high state. Model 3 gave an equally 

good fit and similar thermal bremsstrahlung spectral parameters but the value for kT^, 

was unconstrained.

Using equation 6.1 it is found tha t the fractional area of any soft blackbody com

ponent is fhb < 10“® for a temperature of A:7(*=30eV (the typical value for AM Her 

systems in the high state) using model 3 where kTtb was fitted at O.SkeV. The radius of 

the white dwarf wzis taken to be = 7.5 X 10® cm (assuming a mass of M  =  0.38M© 

and equation 5.3). In the high state fbb is typically 10“® — 10“ ® (Cropper 1990). The 

above result suggests that the area of the accretion region emitting soft X-rays at tem

perature of 30eV is at least an order of magnitude less in the low state compared to 

the high state.

6.19 M R  Ser

The variation in the light curve of MR Ser (figure 3.3) indicates tha t accretion onto the 

white dwarf is still occuring even in the low state. A satisfactory fit to the integrated 

spectrum was made by modelling it with an absorbed blackbody model (c.f. table
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5.1). However, assuming a distance of 139±13pc and letting M  =  O.SM© (Schwope 

et al 1993), equation 6.1 implies /66 < 1 X 10“  ̂ for a fixed blackbody tem perature of 

kTbb=ZOeV. This value is not significantly effected by changing kTtb- An equally good 

statistical fit was achieved with an absorbed thermal bremsstrahlung model. This result 

suggests tha t the axea of the accretion region emitting soft X-rays at tem perature of 

30eV is at least two orders of magnitude less in the low state compared to the high 

state. The value obtained for Ltb,bol is similar to  tha t obtained by Beuermann & 

Schwope (1989) for BL Hyi in its low state.

6.20 R X 1313-32

Although the light curve of RE1313-32 was essentially constant, its spectrum (figure

5.1) shows a significant flux above 0.5keV. This flux above this energy band is in 

excess of what would be expected from isolated (i.e. non accreting) white dwarfs which 

typically have temperatures ;$60 OOOK (Barstow et al. 1993). This implies tha t accretion 

is taking place onto the white dwarf.

A satisfactory fit to the low state integrated spectrum was made using model 2 and 

3, while model 1 did not give an acceptable fit at the 90% confidence limit. Model 

3 was not able to  constrain kTbb with any accuracy. However, fixing kTbb=ZOeV and 

kTtb=lkeV  (c.f. §6.18) and letting the upper limit to N h  be 5 x 10^° (Stark et 

al. 1984), equation 6.1 gives the fractional area of the white dwaxf em itting any soft 

X-ray component to be /bt < 2 — 20 x 10"? for d=100 and 300 pc respectively. The 

above result suggests tha t the area of the accretion region em itting soft X-rays at 

tem perature of 30eV is at least an order of magnitude less in the low state compared to 

the high state. The lower limit to  the tem perature of the bremsstrahlung component 

using model 2 is KTtb > 13  keV.
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6.21 Sum mary

spectra were extracted from data obtained using RO SAT  of 19 AM Her systems. This 

chapter has discussed the spectra obtained from these systems in some depth. The 

most im portant results to emerge are:

• Spectral variations in the soft blackbody component over the orbital cycle were 

seen in AM Her (in its high state), BL Hyi, VV Pup and QQ Vul. These variations 

can be accounted by either a tem perature difference or a change in the absorption 

column (or by a combination of the two). This is in agreement with the current 

models of the accretion region which suggest tha t the accretion rate varies over 

the length of the accretion region which implies a spread in the tem perature of 

the reprocessed radiation.

• Significant differences were seen in the simultaneous soft and hard X-ray light 

curves were seen in BY Cam, EF Eri and AM Her (in its high state). In the case 

of BY Cam it is possible tha t this was related to the number of accretion regions 

visible at any one epoch. In the case of AM Her and EF Eri it is probable that 

they were originated in dense blobs of material which emit most of their accretion 

energy in soft X-rays (see chapter 7).

• The bright flares seen in AM Her and BL Hyi give mass accretion rates of the

same order as tha t predicted by Frank, King & Lasota (1988).

• Observations of ST LMi in a low state imply tha t an absorbed therm al bremsstrahlung 

model is preferable to an absorbed blackbody model. Further it showed kTtb to

be over an order of magnitude less than expected in the high state.

• Systems which were observed in a low state show blackbody spectral parameters

which give values of the fractional area of the white dwarf em itting the black

body component (fbb) to be at least an order of magnitude less than implied by 

observations of systems in a high state if the blackbody tem perature is fixed at 

kTbb=^Oey (typical of systems in a high state). This suggests tha t the area of 

the accretion region emitting soft X-rays at tem perature of 30eV is at least an 

order of magnitude less in the low state compared to  the high state.
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C hapter 7

T he N ature of th e soft X -ray  

excess

7.1 Introduction

Although the problem of the soft X-ray excess over the standard model of Lamb & 

Masters (1979) is well known, its overall incidence has until now remained unclear 

(c.f. chapter 1). In chapter 5, data  on 19 AM Her stars obtained using RO SAT  were 

presented (two of these stars were also observed in two very different states) in which 

it was shown tha t the majority of AM Her systems show a soft X-ray excess over the 

standard model. More importantly, however, there is a spread in the value of the soft 

X-ray excess: a small number of systems are consistent with the standard model whilst 

others show large soft X-ray excesses. Having established the incidence of the soft X-ray 

excess, it is now possible to  investigate the factors tha t may determine its value. In the 

first instance, it is instructive to  examine the current model of the accretion process.
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7.2 T he physics o f th e accretion process

The current model of the accretion process in AM Hers originates from the work of 

Liebert & Stockman (1985) who were the first to discuss it in qualitative terms. Let 

us follow the accretion stream from the point at which it leaves the secondary star.

Gas leaves the secondary star at the Li point where it accelerates making an angle 

of ~  20° with respect to a line joining the primary and secondary components. As 

it accelerates, it enters a region of space where the magnetic field of the white dwarf 

dominates the shape and density of the flow, but not its trajectory. At a local magnetic 

field strength of ~200G, the magnetic pressure equals the gas therm al pressure where it 

pinches the accretion stream. At this point the Rayleigh-Taylor (Schwarzchild-Kruskal) 

instability acts on the accretion stream (Arons & Lee 1976a,b). The Rayleigh-Taylor 

instabilty occurs when a heavy fluid (in this case the accretion stream) is supported by 

a lighter fluid (the magnetic field and trapped low density plasma). This results in the 

accretion stream breaking up into blobs. These blobs undergo lateral compression and 

longitudal expansion by tidal forces until they become long dense filaments. Counter

acting the Rayleigh-Taylor instability, the Kelvin-Helmholtz instability works towards 

shredding oflF the outer layers of the filaments, turning them into a fine rain of material 

(Arons & Lea 1980, Burnard, Lea & Arons 1983). This process is due to a strong shear 

in fluid with a large density gradient and is analogous to  the wind blowing over the 

surface of the sea causing a fine spray.

At the distance at which the magnetic pressure is equal to the ram pressure of 

the accretion stream, the magnetic pressure is sufficiently high to withstand the ram 

pressure of the stream and re-direct the stream out of the orbital plane. The magnetic 

field channels the material along the field lines onto the white dwarf at some distance 

(rv 10°) from the magnetic poles. For the less dense rain of m aterial in the accretion 

stream, a shock will form above the white dwarf photosphere. In the post-shock region 

the plasma has a shock temperature Tg (Kuijpers & Pringle 1982):
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r ,  = 3.7 X (7.1)

where R q is the radius of the white dwarf in units of 10® cm. The dense hlaments of 

material, however, accrete by a different mechanism. For filaments which are sufficiently 

long, the post-shock region of the leading edge will cool by the time the shock propagates 

back along the filament. At this point a quasi-steady state is reached as the base of the 

blob has penetrated the atmosphere of the white dwarf to a depth where the ambient 

pressure equals the ram presure of the blob and the pressure in the shock region a 

distance Da above this level. Frank, King & Lasota (1988) show tha t a filament of 

length:

l>  Da = 2 A x  l O ^ M i Æ g cm

can produce a quasi-steady solution, where Da is the shock height above the white 

dwarf and Pb,-6 is the filament density in units of 10“ ® g cm“®. Filaments which are 

buried sufficiently deeply for the free-free radiation to be thermalized will emit a very 

soft X-ray spectrum which can be characterised as a quasi-blackbody spectrum. For 

filaments whose ‘tails’ stick out above this optical depth, most of the radiation will 

emerge as hard X-rays. Of course, it is not only the length of the filament which 

determines whether the filament will be buried or not: the density of the blob is the 

other critical factor. Frank et al. (1988) show tha t filaments whose density is greater 

than:

- 3Peril =  lA2Ml[RlTabln{^lRQPcrit)]  ̂ 10 ® g cm

will be sufficiently dense to be buried if their length is also greater than Da. (Iks 

is the atmosphere tem perature in units of T® K). For typical parameters encountered 

in AM Her systems, Pcrit ~  10“® — 10“  ̂g cm“ ®, implying a critical length I ^  10® cm. 

Figure 7.1 shows the different accretion mechanisms for filaments of varying density 

and length. By adjusting the proportion of dense filaments to the more diffuse and less 

dense rain of material, it would be possible, in principle, to  produce the wide range of 

energy balance ratios seen in the results of chapter 5.
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Figure 7.1: The different accretion solutions shown in the blob density pi v ’s length I 

plane (taken from Frank, King h  Lasota (1988)).

7.3 System s observed in a high state

Having established the incidence of the soft X-ray excess in chapter 5, the factors that 

may determine its value can be investigated. According to the model of Kuijpers & 

Pringle (1982), the soft X-ray excess is a diagnostic to conditions in the accretion 

stream . A high soft X-ray excess implies there are dense blobs of m aterial penetrat

ing the white dwarf photosphere. An incomplete list of possible factors which might 

contribute to the number of these filaments include: the magnetic field strength of the 

accretion region; the latitude of the accretion region; the magnetic cycle of the sec

ondary star; the orbital period (which is related to the secondary maas); the primary 

mass; the longitude of the accretion region on the white dwarf and the system’s past 

history.

In figure 7.2, the energy balance ratio Lbb,bolf{Ltb,bol-\-Lcyc) determined for systems 

observed in a high state is plotted as a function of some of the factors mentioned 

above: the orbital period, the magnetic field strength of the accretion region, the spot
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latitude, the spot azimuth and the system inclination. The geometrical parameters are 

defined according to figure 1.1. The spot latitude is taken to be 7r/2-/3, where /? is the 

magnetic colatitude of the accretion region. Because several system parameters have 

relatively large errors and a significant number of systems have only lower estimates for 

the energy balance ratio, fitting a correlation to  such data  is of little intrinsic worth: 

indeed, it could be misleading. Instead, evidence for a correlation was determined by 

eye.

There is no evidence for a correlation between the soft X-ray excess and orbital 

period (figure 7.2a), or orbital inclination (figure 7.2e; any such correlation with incli

nation would have implied beaming of one of the radiation components). However there 

is a strong suggestion of a correlation between the energy balance ratio and magnetic 

field strength (figure 7.2b) in the sense tha t the systems which show the lowest energy 

balance ratio axe those with the lowest magnetic field strength. The one system which 

clearly does not follow this trend is BY Cam, but there is evidence tha t this star may 

not be a typical AM Her system. Silber et al. (1992) showed tha t the orbital period of 

BY Cam differs from the rotational period by ~1.4% (Piirola et al. 1994 later refined 

this to <^1.0%). If BY Cam is not synchronous, the accretion region in this star may 

have a larger extent than other AM Her systems because the aspect of the white dwarf 

is continually changing with respect to the accretion stream. If the accretion stream 

was more diffuse, and thus less dense eis a result, this could explain the low soft X-ray 

excess in this system compared to  those tha t ro tate synchronously.

Although it is perhaps not surprising tha t the magnetic field strength would in

fluence the physical characteristics of the accretion stream, it is more difficult to de

termine how this might work in quantitative terms. In §7.2 it was shown that the 

Kelvin-Helmholtz instability works towards shredding the outer layers of the dense fil

aments of material which are thought to  be present in the accretion stream. Although 

the magnetic field strength will vary the efficiency of this instability, it is not a trivial 

task to determine how this may work in quantitiative terms. One factor which may 

affect the fraction of dense blobs in the accretion stream  is the distance from the white 

dwaxf at which m atter is attached to the field lines. Frank, King & Raine (1992) show 

the magnetospheric radius to be:
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r„ = 5.1 X (7.2)

where /iso {=BB?) is the magnetic moment in units of 10̂ ® G cm^, M \ is the mziss of 

the white dwarf in solar units, B  is the magnetic field strength, R  the radius of the 

white dwarf and M \q is the mass accretion rate in units of 10̂ ® g s“ .̂

As the magnetic axis is inclined to the orbital axis, the effective coupling radius, 

Tc, will be related to the (equatorial) magnetospheric radius, r^, by the spot latitude, 

9:

Tc =  r̂Ĵ cos^ 9 (7.3)

The coupling radius is plotted as a function of the energy balance ratio in figure 

7.2f, where R  =  10® cm, M \=  0.6 M@ and M  =  5 X 10̂ ® g s“  ̂ are used (values typical 

of AM Her systems in a high state). W ith the exception of R^ these values scale to low 

powers so these assumptions will not greatly effect these results if we assume all systems 

are in a high state with reasonably similar accretion rates. Table 1.1 lists the magnetic 

field strengths used in the calculation. Figure 7.2f thus effectively combines the data 

from figure 7.2b (magnetic field strength) and figure 7.2c (spot latitude). Figure 7.2f 

suggests a correlation in which systems observed in a high state with low Tc tend to have 

the lowest soft X-ray excess. We might expect tha t for larger values of rc, the chance 

of blobs being completely evaporated is greater and hence we would observe low soft 

X-ray excesses for large values of This is in contrast to the correlation seen in figure 

7.2f. On the other hand, it is to be expected tha t a large magnetic field strength will 

increase the number of dense filaments which are formed due to the Rayleigh-Taylor 

instability. This is in agreement with figure 7.2b) which shows a correlation with the 

magnetic field strength and the soft X-ray excess. The spot azimuth (figure 7.2d) would 

also be expected to influence but the range of spot azimuth among AM Her systems 

is relatively narrow (Cropper 1988).
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Figure 7.2: The luminosity balance for AM Her stars observed in a high state plotted 
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from their true period for the sake of clarity); b) the magnetic field of the main 
accretion region and c) the spot latitude. These values for these parameters were 
taken from Beuermann et al. (1990), Cropper (1990), Chanmugam (1992), Bailey et 
al. (1993), Schwope et al. (1993) & Wickramasinghe et al. (1991). The dotted line 
shows the ratio expected from the standard model.
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7.4 System s observed in an interm ediate state

To compare systems in a high state with systems in an intermediate state the assump

tions regarding the mass transfer rate for systems in a high state must be modified 

to locate those systems with lower mass transfer rates in the Tc , Lbb,boiI{Ltb,boi +  Lcyc) 

plane. In the high state the mean mass transfer rate of AM Her stars was assumed for 

all systems (M  ~  5 x M q  yr“ ^). Instead for systems in the intermediate state, it 

is assumed tha t the accretion rate is proportional to the high-intermediate state flux 

ratio. In chapter 3 this flux ratio was shown to be ^400, 20 and 5 for AM Her, BL 

Hyi and W W  Hor respectively. Using these results we find tha t AM Her lies in the 

lower right hand corner of figure 7f and therefore does not follow the correlation found 

between the energy balance ratio and Vc observed for systems in a high state.

Figure 7.4 shows the result of superposing the results of systems observed in a 

high and intermedate state in the rc, Lbb,boi f  {Ltb,boi +  Lcyc) plane. The values of rc 

for BL Hyi and WW Hor are not as constrained as AM Her, and are consistent with 

the distribution of the high state systems. Nevertheless they fall below the correlation 

line. Moreover, AM Her in the intermediate state shows a much lower value for the soft 

to  hard X-ray flux ratio compared with what would be expected for its magnetic field 

strength. Indeed, AM Her shows an apparent soft X-ray deficiency compared with the 

standard model.

7.5 System s observed in a low state

In chapter 6 it was shown tha t when ST LMi was in a low state, the bremsstrahlung 

tem perature was found to  be kTtb ~  0.5 ±  0.1 keV: an order of magnitude lower com

pared to systems in a high state. For other systems which were observed in a low state 

(MR Ser and RX1313-32), the exposure was much lower than obtained for ST LMi and 

did not give well constrained values for kTtb- The blackbody temperature and hence 

Lbb,bol could not be constrained at all in the spectral fits and so deriving a meaningful 

energy balance ratio was not possible.
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7.6 D iscu ssio n

In §7.3 a correlation was found between the soft X-ray excess and the magnetic field 

strength in AM Her stars in a high state. This result can also be interpreted as a 

correlation with Tc, the radius at which material couples onto the field lines of the 

white dwarf. This result can be explained using the model of Kuijpers Sz Pringle 

(1982) who suggested that dense filaments of accreting material can penetrate to large 

optical depths in the white dwarf photosphere where most of their kinetic energy is 

re-radiated in soft X-rays with a quasi-blackbody spectrum. The remainder of the 

accretion flow, a less dense ‘rain’ of material, will shock above the photosphere and 

release its energy according to the description of Lamb & Masters (1979). Here, half of 

the bremsstrahlung radiation is absorbed by the photosphere of the white dwarf where 

it is reprocessed and re-radiated as a soft blackbody component. The efficiency of the 

Kelvin-Helmholtz instability (which shreds the dense filaments of material into the less 

dense rain of material) is a function of the magnetic field strength. By adjusting the 

proportion of dense filaments to the less dense rain of material in the accretion stream 

(which is related to the magnetic field strength) it is possible, in principle, to produce 

the wide range in soft X-ray excesses seen in these results. Although this model can
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explain the correlation found between the magnetic field strength and the soft X-ray 

excess in systems observed in a high state it cannot explain the results obtained from 

the systems observed in an intermediate state: in particular it cannot account for the 

soft X-ray deficiency found in AM Her in an intermediate state.

These results suggest that there maybe some other emission process dominating 

the spectrum at epochs of lower accretion rates. To examine this in greater detail, 

those systems whose distances are reasonably well determined were corrected are shown 

together with their intrinsic and Ltb,boi and energy balance ratio in table 7.1 and

figure 7.3. This figure includes both data  from both the high state and intermediate 

state systems. It is clear tha t the soft X-ray excess is correlated with iii the sense

tha t systems with low Lbb̂ toi fend to have low soft X-ray excesses. On the other hand, 

there is no correlation between the soft X-ray excess and Ltb̂ hoi-

Figure 7,2b shows that the soft X-ray excess is proportional to the magnetic field 

strength of the accreting pole for systems in a high state. Further, figure 7.3 shows 

tha t the soft X-ray excess is proportional to Lbb,bol for systems in both a high and 

intermediate state. This is consistent with the data of AM Her in the high state where 

it was shown tha t the flares were significantly softer (and had a higher temperature) 

than  the underlying flux. This suggests the possibility tha t the mass transfer rate 

maybe proportional to the magnetic field strength of the accreting pole for systems in 

a high state since Lbb,boi oc M . To investigate this further, a constant mass for the white 

dwarf (M© = 0.6M) has been assumed for each system and derived a mass transfer 

rate for systems with known distances (and hence intrinsic luminosities). Figure 7.5 

shows these data plotted in the B , M  plane. No correlation is found between the mass 

transfer rate and the magnetic field strength. This implies tha t a relationship between 

M  and B  is not the underlying cause of the relationship seen in figure 7.3 and some 

other factor(s) must be present.

One interpretation of figure 7.3 is tha t as the accretion rate of the system increases, 

the m ajority of the additional radiation is emitted in soft X-rays. From this, it can 

be infered that the number of dense filaments increases as the accretion rate increases. 

This explanation is not complete however, as it does not account for the soft X-ray
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System Distance ^bbybol Ltbfbol

(pc) xlO^o 

erg s“ ^

xlO^o 

erg s“ ^

EU Cnc 750 [1] 100-10000 <2.8

V834 Cen 86 [2] 16+65 5-6li:J

EF Eri >89 [2] > 2 3 i f >76l?

UZ For 240±50 [3] 250-3900 3 .4 l | j

AM Her 75 [2] 2 0 3 î j f 351^

AM Her'*’ 75 [2] 0.27±0.09 5-ol8:i

W W  Hor+ 430 [2] lO tll 3 1 .4 lg ;’

BL Hyi 128 [2] 5 2 ± r 381#

BL Hyi+ 128 [2] 9.815:5

DP Leo >380 [2] 16+37500 > 0.118:5

ST LMi* 128 [2] i.8i§:?

VV Pup 145 [2] 652i” | “ 18±5

MR Ser* 139±13 [4] o .5l8:g

AN UMa >270 [2] > 26215g’’ > io-9 lg :3

EK UMa >400 [5] iT a lg "

QQ Vul >400 [2] > 1152 é  624 > 304 ±  128

RE2107-05 >200 [6] 10.4l«:« 7-6l8;|

Table 7.1: The intrinsic X-ray luminosity for the separate blackbody and

bremsstrahlung components for systems with known distances. The low and inter

mediate state observations are signified by an * and + respectively. In the case of AM 

Her+, WW Hor"*" and BL Hyi+, kTtb=19, 30 and 20keV were used respectively. [1] 

Assumes membership of M67, [2] Cropper 1990, [3] Beuermann, Thomas & Schwope 

(1988), [4] Schwope et al. (1993), [5] Clayton & Osborne (1994) Sz [6] Schwope, Thomas 

& Beuermann (1993).
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deficiency seen in AM Her in the intermediate state. Further it does not account for 

the low value of kTtb found for ST LMi. The la tter problem is addressed first.

In addition to suggesting an origin for the soft X-ray excess, Kuijpers & Pringle 

(1982) predicted tha t a shock wiU not form for systems with a low accretion rate 

g cm“  ̂ s“ ^). In this case the accretion region cools through Coulomb colli

sions. They predict the temperature in the non-shock case,

=  1 X lO^MiÆg (7.4)

is much less than the free-fall shock temperature T„ (c.f. equation 7.1). For a 

typical AM Her system, equation 7.4 gives ~ lkeV  as opposed to  Tg '^SOkeV (for 

M  =  0.6M© and R  =  10® cm). Woelk & Beuermann (1992,1993) use an LTE stellar 

atmosphere code to determine the temperature in the heated layers of the white dwarf 

as a function of mass transfer rate (for M  i$10"^ g cm“ ^s“  ̂ =  1Q13-15 g  g-i depending 

on the surface area of the accretion region), the white dwaxf ma^s and the magnetic field 

strength. Their model spectra show a weak optically thin bremsstrahlung component 

with a tem perature similar to that predicted by Kuijpers & Pringle (1982) in the non

shock case. The data of ST LMi presented in chapter 6 show tha t kTtb is an order of 

magnitude lower in the low state compared with the high state: the tem perature is 

consistent with the hypothesis of Kuijpers & Pringle (1982).

A low accretion rate will also have im portant consequences for the temperature of 

the soft X-ray emission as well. In order to examine this more fully, the temperature 

of the reprocessed radiation produced by X-rays generated from Coulomb interactions 

is estimated using equation 2 of Kuijpers & Pringle (1982):

Ti* =  1.2 X (7.5)

where /_2  is the fractional surface area accreting m aterial in units of 10“  ̂ (i.e. for a 

spot covering the whole of the white dwarf /_2=1). The potentially complicating effects
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of dense filaments of material can be neglected in the low state since the soft X-ray 

light curve of ST LMi shows no significant flaring. Using the X-ray luminosity of ST 

LMi in the low state and a white dwarf of mass M  =  0.6Mq the accretion rate is found 

to  be M  3 X  10^^ g s~^: this gives kTbb=10eV, which is lower by a factor of 2-3 than 

th a t typically found for AM Her stars in the high state. Such low tem perature emission 

will be absorbed by the interstellar medium and as such will not be observable. In the 

calculation the fractional surface area of the white dwarf from which the blackbody 

component originates has been assumed to be 10~^ — 10~® (that typically found for 

AM Her systems; Cropper 1990).

To account for these results, I suggest tha t the accretion region is composed of five 

distinct components whose relative contribution differs according to accretion rate:

• the blobby accretion component is only present at high accretion epochs and 

accounts for the correlation seen in high state systems,

• the high temperature (~30keV) bremsstrahlung component which is produced by 

a strong shock when the accretion rate is sufficiently high,

• soft X-ray emission with a temperature of <^30eV which results from reprocessing 

of the (high flux) ~30keV X-rays,

• the low tem perature (~ lkeV ) bremsstrahlung component which is produced by 

Coulomb cooling when the accretion rate is insufficient for a shock to form,

• soft X-ray emission with a tem perature of <~10eV which results from reprocessing 

of the (low flux) ~ lkeV  X-rays. The component is not observable as their photons 

will be absorbed by the interstellar medium.

The current model of the accretion region is one of an extended accretion arc with 

varying accretion rate along its length (Wickramasinghe 1988). I propose tha t these 

results can be explained by varying the relative strength of the above components 

according to  the accretion rate. In the regime of high accretion rates, a shock will 

form over virtually the whole of the accretion region and the accretion spectrum is 

dominated by blobby accretion and 30keV X-rays. In the low accretion regime, no
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blobby accretion is present and the accretion rate is not sufficient for a shock to form 

and cooling via Coulomb interactions is dominant. For intermediate accretion rates, I 

hypothesise tha t there is no blobby accretion (as in the low accretion case), but tha t a 

shock will form over only a small portion of the accretion region. This implies tha t the 

observed soft X-ray emission will be much reduced compared to the high state since 

the low temperature soft X-ray emission from the m ajority of the accretion region will 

be absorbed by the interstellar medium.

To investigate this further, I have modelled the consequence of us being able to 

observe the low tem perature soft X-ray emission from an accretion area of constant 

size (as I suggest for the model of the accretion region). It is found that AM Her in 

its intermediate state has a soft X-ray luminosity and energy balance ratio comparable 

with systems in a high state if the low tem perature soft X-ray emission is included (c.f 

figure 7.6). This suggests tha t for an accretion region of constant size, the observed 

low values of the soft X-ray energy balance seen for systems with low Lib,hoi is due 

to the interstellar medium absorbing the low temperature soft X-ray emission. For 

an accretion region which varies in size as a function of accretion rate the relative 

proportion of the area in which a shock occurs relative to the to tal area is too uncertain 

to make a similar study sufficiently meaningful.

Another factor which will contribute to the apparent soft X-ray deficiency is the 

fact tha t in the intermediate state the hard thermal bremsstrahlung component is 

made up of emission of several temperatures whereas we have modelled the spectra 

using a constant value of kTtb- To investigate this is more detail, the case of AM 

Her in the intermediate state where the lower limit to kTtb implied in the spectra 

was 4.5keV is examined. If a small proportion of the accretion region (say ^^10%) 

emits hard thermal bremsstrahlung X-rays (~20keV in the case of AM Her) and the 

m ajority of the accretion region emits ~ lkeV  X-rays resulting from Coulomb collisions, 

then the energy balance ratio Lbb,boiIiLtb,boi +  Lcyc) will only be increased by a factor 

of compared to using a uniform temperature of 4.5keV. This implies tha t using a 

constant value of kTtb to  determine the luminosity of the hard component is a relatively 

insignificant factor in producing the apparent soft X-ray deficiency.
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Figure 7.6: a): the results in the Lbb,bolj Lib,boll(I^tb,bol + Lcyc) plane, b) the same data 

but with the inclusion of the low tem perature soft X-ray flux assuming an accretion 

region of constant size -  i.e. if the interstellar medium has been removed.

In figure 7.3, a correlation was found between the energy balance ratio and Lbb,bol- 

It has been shown tha t such a correlation is not simply due to one accretion process 

but two. For systems with jvf*,6of^50 x 10^° erg s“ ^, the correlation is due to  the 

proportion of dense filaments increasing with accretion rate. For systems with Lib,bol 

lower than this value, the correlation is due to the interstellar medium absorbing the 

low tem perature soft X-ray flux.

217



7.7 Sum mary

It was found in chapter 5 tha t a m ajority of AM Her systems showed a soft X-ray excess 

over the standard model. More significantly, however, there was a spread in the value 

of the soft X-ray excess. In this chapter the origin of this spread was investigated.

• A correlation has been found between the soft X-ray excess and the magnetic field 

strength in systems observed in a high state. This result can also be interpreted 

as a correlation with the radius at which the accretion stream couples onto the 

magnetic field lines of the white dwarf. The la tter correlation is not consistent 

with the observation of AM Her in an intermediate state: it shows a soft X-ray 

deficiency over the standard model.

• There is a correlation between the energy balance ratio and Lbb̂ boi insofar as the 

luminosity increases as the energy balance ratio increases. This is consistent with 

the results on AM Her in the high state (chapter 6) which showed tha t the very 

bright flaxes were significantly softer compared to the underlying flux. There is 

no correlation between Ltb,bol and the energy balance ratio. One interpretation of 

this is tha t as the accretion rate increases, the majority of the additional radiation 

is emitted in soft X-rays. It can be inferred tha t the number of dense filaments 

increases as the accretion rate increases.

• The observation of ST LMi in a low state shows the tem perature of the thermal 

bremsstralung component to be kTtb ~0.5keV: an order of magnitude less than 

expected for the high state. This is in good agreement with the model of Kuijpers 

and Pringle who predict tha t for lower accretion rates, the tem perature of both 

the blackbody and thermal bremsstrahlung components is lower than in the high 

level.

• These results can be interpretated if in the intermediate state, only an inner 

region has a sufliciently high accretion rate for a shock to form. In the remainder 

of the accretion region no shock forms and the blackbody temperature is so low 

tha t most of the photons emitted from the thermalized radiation are absorbed 

by the interstellar medium. This may result in an observed soft X-ray deficiency.
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If emission regions with such low tem perature blackbodies were observable, we 

would expect the soft/hard X-ray ratio to be much greater than tha t observed.
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C hapter 8

T he reddening-distance law in 

th e  direction o f GQ M us and  

R X  Pup

8.1 Introduction

Luminosity is one of the most basic and im portant of astrophysical quantities. However, 

the distance to any stellar object (a prerequiste for a luminosity determination) is usu

ally not known to high accuracy. For relatively nearby stars (j^lOOpc), a good distance 

determination can be obtained from its parallax. For more distant Main Sequence 

stars, a rough estimate can readily be obtained from photometric and spectroscopic 

observations by making comparison with other stars on a well defined classification 

system. Unfortunately, for stars which cannot be included in these standard classifica

tion systems (e.g., the central stars of planatery nebulae or novae) other means must 

be sought.

The B V Ic  reddening-distance technique (B V I  for the sake of brevity) is a distance 

estim ator independent of any assumptions concerning the physical nature of the object 

in question (PoUacco & Ramsay 1992; hereafter PR92). B V I  has the advantage over
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other reddening distance technqiues such as the Q technique (Hiltner & Johnson 1956) 

which uses U B V  photometry of OB stars, in tha t the angular distance of OB stars 

from any target star is generally much greater than the distance over which absorption 

can change. As B V I  makes use of photometry of late-type stars, which are much more 

numerous than OB stars, it can sample a small area of sky around the object for which 

the distance is required. This reduces the chances of variable absorption increasing the 

scatter in the results.

Once B V I  photometry of the field has been obtained, the colours of the field stars 

axe dereddenned and used to construct a reddening- dist ance diagram (assuming A y  =  

Z.2Eb - v ] Olson 1975). Figure 8.1 shows the Zero Age Main Sequence (ZAMS) and the 

reddening lines in the (V — 7c)» {B — V ) — {V — 7c) plane. If an independent estimate 

of the interstellar absorption towards the object can be made (i.e., from 2200Â line 

measurements), the distance can simply be read off the reddening-dist ance diagram 

determined from the field stars. This has been done for a number of objects including 

the Planatery Nebulae NGC2438 and NGC2440 (Ramsay 1991 and PR92). It has also 

been used as an open cluster member diagnositic (Ramsay & PoUacco 1992). In this 

chapter, distance estimates of GQ Mus (Novae Mus 1983) and RX Pup are made using 

B V I .

8.2 O bservations and reduction

Observations were made from the South African Astronomical Observatory, Suther

land, South Africa, using the 1.0m telescope and CCD camera on 1993 Feb 12-14. 

Observations of E-region standard stars and the object fields were taken throughout 

the night of Feb 13. Flat-field frames were obtained using the twilight sky. The ob

ject frames were flat-fielded, preflash subtracted etc. in the usual way using FIGARO 

routines (Shortridge 1991). This inital reduction wzLS kindly done by Dr Don PoUacco 

using the STARLINK minor node at St. Andrews University. The E-region standard 

stars were reduced using the aperture photometry package PHOTOM (Eaton 1992) and 

the magnitudes taken from Menzies et al. (1989). The extinction coefficients were found
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to  be ~0.05 greater in each filter than the mean for Sutherland. This was due to the 

large amounts of volcanic dust in the atmosphere. On inspection of the residuals, it 

became apparent tha t the night on which standards were obtained (Feb 13) was not 

as photometric as initally thought. However, the E-region standards taken before and 

after the frames of GQ Mus and RX Pup had residuals < 0.008“ for V , (B  — V )  and 

{V — Jc), which gave me confidence tha t the reduced magnitudes for the stars in the 

fields of GQ Mus and RX Pup could be placed on the standard system with sufficient 

accuracy.

Aperture photometry was used to bring local standards in the object frames onto 

the instrum ental system. The profile fitting package DAOPHOT (Stetson 1987) was used 

to  obtain magnitudes for all the stars in the field. Finally, the magnitudes for the field 

stars (which had errors less than a certain threshold) were brought onto the standard 

system using the standard colour equations for the filter set. The errors in the resulting 

magnitudes are difficult to quantify accurately, but it is estimated the error is ~0.015“ 

in each filter for stars brighter than 18.0“, increasing to ~0.02“ for stars fainter than 

this. For a more complete description of the procedures involved in the reduction of 

CCD photometry see Ramsay (1991).

8.3 GQ M us

GQ Mus was first detected as a nova in 1983 which had a very large amplitude (A 

> 14“ ), followed by a rapid decrease from maximum and thereafter by a period of 

nearly constant brightness (Filler 1983). Diaz & Steiner (1989) determined an orbital 

period of 85.5 mins using optical photometry and proposed the system was a member 

of the AM Her class of CVs (c.f. Chapter 1), on account of its spectral features 

and photometric properties. However, observations made using R O SAT  (Ogelman 

et al. 1993) showed tha t although GQ Mus showed a very soft X-ray spectrum (with 

blackbody temperatures typical of AM Her systems), the observed X-ray bolometric 

luminosity is 10̂ ® erg s“  ̂ -  several orders of magnitude greater than observed in AM 

Her systems. One possible mechanism involves mass-transfer, which is unstable on a
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Figure 8.1: The. ZAMS and some reddening lines in the (V — J), {B — V ) — {V — I )  

plane. Some spectral types are shown corresponding to their position on the ZAMS.

therm al timescale, from the donor star onto the surface of the white dwaxf primary. For 

a narrow range in accretion rate, steady nuclear burning of the accreted material can 

take place (van den Heuvel et al. 1992). Rappaport, Di Stefano & Smith (1993) predict 

there should be '^1000 such objects in our galaxy which fit the observed properties 

closely.

K rautter et al. (1983) derive a distance of 4.8± l.Okpc using a number of properties: 

photom etry from the decline of maximum, its predicted absolute peak magnitude and 

the interstellar absorption from observations of the 2200 A feature. The absorption 

found by K rautter et al. was E b - v = O.dStg^g, while Miroshnichenko (1988) found 

E g_y= 0.41  ±0.04 from U B V  observations of the decline from the nova outburst.
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Date Filter Exposure (sec) Seeing (arcsec)

1993 Feb 14.021 V 300 ~1.4

1993 Feb 14.024 I 30

1993 Feb 14.025 I 20

1993 Feb 14.029 B 600

1993 Feb 14.043 V 300

1993 Feb 14.047 I 30

1993 Feb 14.047 I 200

1993 Feb 14.051 B 600

Table 8,1: The log of observations of GQ Mus, where the starting time of the exposure 

is shown.

8 .3 .1  O b serv a tio n s  and  resu lts

Observations of unequal depth were made of two fields surrounding GQ Mus. The log of 

the observations is shown in table 8.1. The frames were reduced as described in section 

8.2 and the magnitudes of the field stars are shown in table 8.2. The finding charts 

are shown in figure 8.2. The colours of the field stars were dereddened as described 

by PR92 and the derived distances and reddenings are shown in table 8.3. Using the 

finding chart of K rautter et al. (1983), it is possible to identify GQ Mus with star ^  

67. Its V  magnitude (~18.4) is almost a magnitude less than it was 5 years previously 

(Diaz & Steiner 1989). In addition its colour is very blue (B  — U=0.00). GQ Mus is 

still not as faint as its pre-outburst magnitude (M y < 21 K rautter et al. ) ten years 

after its outburst.

When the colours of the field stars around GQ Mus are plotted in the (V  — Ic), (B  — 

V ) — (V  — Ic) plane (figure 8.3), there is a line of stars above the ZAMS from the early 

K spectral type onwards (0.9< (B  — V)o < 2.0). This is similar to  tha t seen in the 

field stars of NGC2440 (PR92). The most likely explanation of this is tha t these stars 

exhibit very low reddening and the ZAMS later than ~K3 (taken from Cousins 1978) 

is poorly defined. (There is no more recently published data  giving the ZAMS in the 

B V Ic  system).
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It was not possible to derive the reddenings of 30% of the field stars. Of these stars 

stars, 35% were above the ZAMS in the range 0.9< [B — V)f, < 2.0. These include 

stars # 3 , 13, 15, 36, 54, 66, 84, 92, 98, 103, 119, 123, 134, 136, 144, 152, 164, 168 

& 171. For the remaining stars for which no reddening estimates were possible: stars 

#  44, 74 & 175 were near the CCD chip edge; stars #  33, 37, 41, 42, 45, 46, 51, 

94, 132, 149, 115, 174 Sz 175 had close companions or were suspected of being double 

and stars ^  27, 58, 64, 70 & 107 were faint. All of these factors would increase the 

error in the derived colours. The remaining stars are beyond the reddening lines and 

are anomalous objects: stars #  4, 5, 10, 43, 49, 67, 69, 71, 82, 85, 111, 122, 126 & 

133. These ‘anomalous’ objects may simply be non-dwarf stars, unresolved binaries, or 

(more unlikely) they may be more ‘exotic’ stars. Follow up spectroscopic work would 

be needed to determine the nature of these sources.

Stars which had errors < 20% in their distance estimates were then used to make a 

reddening distance diagram (figure 8.4). Figure 8.4 suggests the absorption is asymp

totic for distances greater than Ikpc in the direction of GQ Mus. It is only possible 

to  make the lower limit to GQ Mus of ~ lkpc. The lower distance estimate of Ikpc is 

consistent with the distance estimate of K rautter et al. (1983). However, comparsion 

of figure 8.4 with the reddening-distance diagrams of PR92 suggest the scatter is far 

greater than one would otherwise have been expected.

As a test for variable absorption over the field of GQ Mus, contours of absorption 

were fitted to the data using interpolation and smoothing functions to produce a map 

of absorption over the field of view (figure 8.5). There is some evidence for areas of 

relatively high and low absorption in the field of GQ Mus, although given the number 

of data  points, this must be regarded with a degree of caution. However, if genuine, 

this shows evidence for dumpiness of interstellar absorption on the smallest of scales 

yet seen (<  l ') .
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St&r D is ta n c e A v S ta r D is ta n c e A v S ta r D is ta n c e A v
1 669-764 1 .60 -1 .63 61 1249-1677 0 .20 -1 .6 3 121 921-1629 0 .8 6 -2 .2 0
2 4191-24372 2 .78 -3 .74 62 2606-2642 0 .0 0 -0 .6 1 122

3 63 3439-4889 2 .44 -2 .9 9 123

4 64 124 1848-2833 0 .7 7 -1 .6 7
5 66 3439-4889 2 .44 -2 .9 9 125 3600-6296 0 .8 9 -1 .7 6
6 3072-4136 1 .62 -2 .60 66 126
7 685-686 0 .00 -0 .03 67 127 3066-3730 0 .94 -1 .19
8 1960-2268 1 .06 -1 .28 68 1256-1667 0 .8 1 -1 .0 2 128 2800-3349 0 .66 -0 .92
9 2960-3437 0 .7 6 -0 .9 4 69 129 2672-3098 0 .64 -0 .8 6

10 70 130 2496-2922 1.20 -1 .46
11 3649-6439 1.54 -3 .02 71 131 2611-4166 1.26 -2 .62
12 1779-2094 0 .9 3 -1 .1 2 72 2042-2366 0 .00 -0 .21 132

13 73 2768-3811 2 .4 8 -2 .8 7 133
14 2061-2402 0 .69 -0 .88 74 134

16 76 1661-1763 0 .0 0 -0 .9 9 136 2774-4630 1 .04 -2 .39
16 1977-2311 0 .9 1 -1 .1 3 76 6041-8619 1.11 -2 .63 136
17 1033-1209 0 .7 0 -0 .8 9 77 1144-1319 0 .97 -1 .1 6 137 3944-22490 2 .7 6 -3 .6 7
18 2909-3712 1 .04 -1 .36 78 1327-12 1 .07 -1 .23 138 2171-3641 1.96 -2 .82
19 79 2009-2307 0 .82 -1 .0 0 139 1762-1843 0 .03 -0 .6 6

20 1899-2471 1 .36-1 .74 80 1096-1298 1.03 -1 .22 140 1076-1213 0 .99 -1 .12

21 694-668 1 .23 -1 .36 81 1409-1596 1.16 -1 .32 141 1901-1927 0 .09 -0 .36
22 779-884 0 .00 -1 .14 82 142 1639-2189 1.17 -1 .80
23 2063-2454 0 .00 -0 .6 3 83 966-1330 1 .3 1 -2 .3 7 143 1686-2687 0 .4 0 -1 .6 9
24 1404-1618 1 .66 -1 .68 84 144

26 60 -8 7 1 .41 -3 .82 86 146 13794-20134 3 .4 1 -3 .6 9

28 1669-1833 0 .49 -0 .7 0 86 2068-2341 1 .06 -1 .24 146 4460-7646 0 .7 2 -2 .1 7
27 87 6108-29763 2 .4 3 -3  34 147 2663-3469 1 .13 -1 .62

28 4143-6831 2 .68 -2 .9 0 88 821-942 1 .07 -1 .23 148 3174-3930 1 .06 -1 .32
29 8067-31861 3 .4 6 -4 .0 9 89 1306-1408 1 .36 -1 .49 149

30 1933-2269 0 .00 -0 .64 90 3663-6361 1 .61 -2 .82 160 1664-1769 0 .79 -0 .9 6
31 2916-3646 1 .07 -1 .29 91 2063-2607 1 .16 -1 .40 161 2368-2722 0 .73 -0 .9 2

32 2992-3106 0 .00 -0 .06 92 162

33 93 2031-2928 2 .21 -3 .31 163 1496-1712 0 .67 -0 .8 2
34 94 164 1046-1187 1 .44 -1 .67

36 96 1636-1822 0 .6 6 -0 .7 9 166 1086-1706 0.00 -1 .21
36 96 166 6071-6239 0 .48 -0 .7 3

37 97 3328-6037 1 .64 -3 .02 167 2086-2447 1 .12 -1 .36

38 1896-2226 1 .00-1 .22 98 168 3288-6446 1 .32 -2 .40
39 6065-13138 1 .79-2 .13 99 851-1041 0 .0 0 -1 .6 6 169 3386-6223 1 .64 -3 .02
40 1190-1400 0 .64 -0 .80 100 3967-4671 0 .6 7 -0 .8 2 160 7188-42624 2 .63 -3 .41
41 101 161 4413-26611 2 .63-3 .41

42 102 162 1332-1629 1 .00 -1 .19

43 103 163 4303-4974 0 .46 -0 .61
44 104 727-821 1 .6 2 -1 .7 8 164

46 106 3103-4766 0 .9 8 -1 .7 9 165 2243-2862 0 .69 -1 .03

46 106 1910-2231 1 .12 -1 .32 166 7619-29726 3 .46 -4 .0 9

47 4337-6240 0 .64 -0 .7 6 107 167 1000-1163 1 .06-1 .26

48 1674-1921 1 .18 -1 .37 108 3463-6882 1 .10 -2 .38 168

49 109 6867-10780 1 .80 -3 .16 169 1696-2824 3 .00 -3 .73

60 2991-3469 0 .36 -0 .61 110 4812-27983 2 .78 -3 .74 170 493-667 0 .88 -1 .04

61 111 171

62 1879-2479 1 .47 -1 .83 112 2003-3264 2 .2 2 -3 .6 2 172

63 3691-4931 1 .62 -2 .60 113 621-666 0 .0 6 -2 .0 0 173 1429-2371 1 .82 -3 .20

64 114 7622-9642 0 .82 -1 .6 4 174

66 4739-28439 3 .0 6 -4 .0 116 176

66 1666-1806 0 .8 8 -1 .0 7 116 4633-8363 1 .64 -3 .06

57 1530-1760 2 .2 6 -2 .3 9 117 2420-3217 2 .00 -2 .41

68 118 1708-1797 0 .0 0 -0 .3 0

69 48 -72 1 .13 -3 .37 119

60 1768-2166 0 .0 0 -0 .8 7 120 14601-82126 1 .63 -2 .46

Table 8.3: The individual distances and reddening of stars in the field around GQ Mus.
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Figure 8.3: The field stars around GQ Mus plotted in the (V — 7c), {B — V ) — (V  — Ic) 

plane.

8.4 R X  Pup

RX Pup is a member of the mira class of symbiotic stars, in which a white dwarf is 

slowly accreting m atter lost from its mira companion which itself is enveloped in a dust 

cloud (see Allen 1984 for a review of symbiotic stars). Estimates of the separation of 

the two stars imply tha t no Roche-lobe overflow can occur and tha t only wind accretion 

can transfer material between the stars. Large spectral variations in RX Pup have been 

seen in all wavebands (Allen & Wright 1988 provide a summary of observational data 

and construct a model for RX Pup).

8.5 O bservations and results

Observations of unequal depth were made of three fields surrounding RX Pup. The log 

of observations is shown in table 8.4. The frames were reduced as for GQ Mus and the
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Figure 8.5: The best fit stars in the field around GQ Mus plotted as a function of their 

position. Contours of absorption, Ay=1.0, 1.3 & 1.6, are superimposed.
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Date Filter Exposure (sec) Seeing (arcsec)

1993 Feb 12.822 V 300 ~3.2

1993 Feb 12.826 I 150

1993 Feb 12.828 B 900

1993 Feb 12.844 V 200

1993 Feb 12.847 I 100

1993 Feb 12.849 B 400

1993 Feb 13.788 V 600 ~1.0

1993 Feb 13.795 I 900

1993 Feb 13.809 B 5400

1993 Feb 15.783 I 600 ~3.7

1993 Feb 15.791 V 900

1993 Feb 15.802 B 3600

Table 8.4: The log of observations of RX Pup, where the starting time of the exposure 

is shown.

magnitudes of the field stars are shown in table 8.5 while the finding charts are shown 

in figure 8.6.

The colours of the field stars are shown in the (V — Ic), {B — V ) — (V  — Ic) plane in 

figure 8.7. As in the observations of field stars around GQ Mus, a number of stars are 

seen above the ZAMS (although not as many since the observations were not as deep), 

strengthening the view tha t the ZAMS is not as well determined around this colour 

range. The resulting values for distance and reddening of the field stars axe shown in 

table 8.6.

It was not possible to derive reddening estimates for 31% of the field stars. Of 

these stars, stars #  3, 4, 8, 13, 14, 20, 22, 23, 34, 37, 50, 72 & 75 had close companion 

stars; star ^  7 was near the ZAMS and stars #39, 42, 44, 46 & 84 had inflated sky 

backgrounds due to the brightness of RX Pup (which weis just off the edge of the field 

of view). Further, stars #16 & 56 were near the CCD chip edge, while stars # 1 , 6, 

21, 32, 35 Sz 77 had V  > 19.5. Figure 8.8 shows the reddening-distance diagram for 

all stars which had a fit error <20% in their distance estimate. Of those stars, four
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deviate substantially from a linear fit to the data. Star is faint and near the limit 

of our survey at y =20.05 and #57  is near the edge of the field. Stars #62  & 83 seem 

to be anomalous objects as their colours do not seem to be contaminated by any other 

source.

After removal of these objects, the adopted reddening-distance relationship is 

shown in figure 8.9. A first-order least-squares fit to  these data gives the following 

solution:

A v  = 1.422(±0.217) X 10~^d -  0.026(±0.030)

where d is the distance in kpc. Previous determinations of the interstellar absorption 

to RX Pup include E b - v =  0.7-1.0 from Nai interstellar lines (Klutz et al. 1978) 

and .Gg_y=0.87d:0.10 (Kenyon & Webbink 1984) from synthetic spectra of based on 

binary models of symbiotic stars. Using the more conservative estimate of E b - v =  

0.7-1.0 it is found tha t 1700< d <2630 kpc, while for .Gg_y=0.87j:0.10 d=2.lt.o]t kpc. 

Previous distance estimates include l.Okpc (Klutz et al. 1978) made from interstellar 

Nai absorption measurements and 1.5kpc (Whitelock 1987) from the mira period- 

luminosity law. In the former, it is known tha t the interstellar Nai line varies as a 

function of galactic position; hence any distance determination must be regarded with 

some caution. In the la tter case, the period-luminosity relationship may not be truly 

appropriate on account of the circumstellar shells known to exist in RX Pup.

The new distance estimate is slightly larger than previous estimates. However, 

because of the shortcomings in the techniques used to make the earlier determinations, 

it is believed tha t the present result is the most reliable distance estimate to  RX Pup 

yet made.

Mention must be made of the assertion of Kenyon & Webbink (1984) th a t region 

100 (which RX Pup lies in) of the extinction map of Neckel & Klare (1980) reaches an 

asymptotic value of E b - v =  0.6 at distances greater than Ikpc. This claim cannot be 

made with data which haa such a scatter as in Neckel & Klare’s diagram. Region 100 

in Neckel & Klare shows a scatter far in excess than tha t shown in this, more accurate, 

study.
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I ’lgure 8.6: The linding charts for RX Pup. 
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Figure 8.7: The field stars around RX Pup plotted in the (V — Jc), {B — V ) — (V  — Ic) 

plane.
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Figure 8.8: The reddening-distance relationship in the field around RX Pup using all 

the stars with a fitting error <20%.
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S ta r X Y B  - V V  - I c V S ta r X Y B  - V V  - I c V

1 44.18 66.33 1.396 2.032 19.611 46 30.48 284.86 2.061 2.647 19.026

2 127.02 62.76 1.413 1.666 20.028 46 103.16 294.08 1.671 2.267 18.986

3 64.84 66.62 2.237 2.674 16.437 47 79.60 150.84 0.996 1.160 16.826

4 21.22 66.74 1.238 1.822 19.401 48 60.60 146.18 1.147 1.372 16.908

6 68.61 69.01 0.877 0.924 14.756 49 72.66 134.76 1.880 2.432 18.047

6 12.63 69.64 1.274 2.094 20.298 60 43.10 133.22 1.268 1.364 14.803

7 33.06 72.08 0.916 0.962 12.912 61 94.93 131.87 1.214 1.360 17.010

8 82.63 74.36 2.074 2.434 18.862 62 86.42 121.37 1.626 1.873 19.007

9 66.81 82.29 1.127 1.288 17.110 63 136.79 112.38 1.190 1.646 18.462

10 20.46 100.41 1.416 1.740 18.910 64 69.62 102.20 1.646 2.160 18.392

11 69.68 100.61 1.489 1.810 19.476 66 73.82 -98.99 1.017 1.210 16.810

12 16.13 102.31 1.463 1.730 19.931 56 10.04 -97 .34 1.162 1.666 19.236

13 26.07 102.65 1.642 1.830 20.020 67 10.44 -90.46 1.070 1.288 17.698

14 21.36 106.76 1.382 1.633 17.769 68 71.47 -81.26 0.736 0.907 14.612

16 73.48 114.62 1.319 1.727 18.693 69 126.83 -69.62 1.306 1.489 18.676

16 167.71 119.93 1.694 2.196 20.856 60 103.83 -39.24 1.706 2.180 18.493

17 132.66 120.49 1.189 1.364 17.840 61 120.13 -4 .70 0.740 0.796 14.311

18 108.99 123.92 1.666 1.976 20.348 62 27.18 14.06 1.693 1.969 17.922

19 66.29 130.66 1.426 1.864 17.812 63 114.82 24.67 1.160 1.490 19.298

20 61.11 143.78 1.278 1.403 13.740 64 78.86 26.01 1.092 1.360 17.206

21 23.60 146.63 1.414 1.936 19.902 66 107.37 38.88 1.126 1.611 18.766

22 147.12 146.97 1.442 1.688 19.066 66 160.49 39.03 1.061 1.247 17.009

23 64.63 161.72 2.166 2.621 17.581 67 32.89 41.60 1.304 1.806 18.024

24 147.62 154.26 1.111 1.289 17.633 68 143.93 47.38 1.280 1.690 18.467

26 40.79 161.21 1.603 1.880 19.809 69 71.46 69.14 0.976 1.219 16.260

26 136.60 168.32 1.483 1.888 19.827 70 113.84 62.77 1.017 1.263 16.726

27 167.90 170.14 1.630 1.876 19.683 71 18.72 71.84 0.904 1.089 15.267

28 146.60 172.39 1.284 1.762 19.144 72 9.89 70.11 1.902 2.112 18.271

29 66.62 172.39 0.866 1.047 16.600 73 93.21 83.68 0.990 1.263 16.770

30 88.69 173.78 1.264 1.624 17.264 74 108.33 84.13 1.116 1.364 16.403

31 66.61 174.30 1.384 1.940 20.227 76 97.44 89.92 1.492 2.328 17.480

32 119.96 179.70 2.171 2.482 19.648 76 60.28 98.31 1.269 1.692 18.806

33 143.23 186.83 1.264 1.659 18.683 77 138.46 106.98 0.898 1.428 19.611

34 160.38 186.87 1.782 1.896 20.266 78 66.10 111.78 1.686 1.892 14.767

36 37.36 203.94 1.398 2.126 19.988 79 104.32 112.66 1.036 1.193 16.740

36 135.61 214.00 1.446 1.819 20.748 80 49.23 126.46 1.173 1.378 17.094

37 40.86 222.97 2.319 2.798 16.917 81 73.12 169.12 1.290 1.629 17.836

38 14.60 246.85 1.648 2.030 18.699 82 117.71 163.64 1.122 1.449 18.713

39 103.72 247.05 2.352 2.662 19.847 83 68.24 170.21 1.427 1.697 16.209

40 46.70 266.87 1.439 1.766 18.486 84 142.44 192.66 1.293 2.011 18.388

41 91.31 268.48 1.432 1.666 17.987 86 67.67 216.42 2.383 2.877 18.376

42 109.37 272.86 1.661 2.344 19.167 86 44.88 260.01 1.401 1.632 18.614

43 26.91 279.11 1.674 1.982 19.744 87 113.67 269.31 1.106 1.408 17.606

44 79.66 279.26 1.468 2.029 20.477

Table 8.5: The magnitudes for the stars in the field around RX Pup.
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S ta r D is ta n c e A v S ta r D is ta n c e A v S ta r D is ta n c e A v
1 30 1062-1231 1 .94 -2 .17 59 1400-1808 0 .0 0 -1 .6 8

2 2278-3220 2 .0 7 -2 .2 7 31 60 1159-2016 3 .90 -5 .41

3 32 61 652-616 0 .0 6 -0 .1 8
4 33 7056-15663 4 .64 -5 .01 62 904-1072 3 .1 3 -3  34
6 483-545 0 .00-0 .21 34 63 6282-35970 3 .71 -4 .6 2
6 35 64 1578-2418 1 .84 -2 .74

7 36 4436-8172 2 .93 -4 .4 3 66

8 37 66 1270-1466 1 .27 -1 .46

9 1072-1250 1 .17 -1 .30 38 3202-11972 5 .28 -5 .9 6 67

10 1775-2211 2 .4 8 -2 .7 6 39 68
11 2036-2413 2 .57 -2 .84 40 1406-1641 2 .48 -2 .68 69 774-1301 1 .60 -2 .97

12 1639-2930 0 .06 -2 .46 41 824-1096 0 .00 -2 .01 70 847-1079 1 .56 -1 .85
13 42 71 823-983 1 .16 -1 .36

14 43 2372-4304 3 .3 3 -4 .8 5 72

15 4510-18873 4 .54 -5 .24 44 73 1133-1712 1 .92 -3 .17
16 45 453-847 1 .95 -4 .57 74 911-1078 1 .64-1 .81
17 1315-1552 1 .19-1 .42 46 75
18 1533-2379 0 .62 -2 .86 47 1255-1372 0 .9 3 -1 .0 9 76 2466-4358 2 .4 2 -3 .8 9
19 3956-8239 5 .12 -5 .46 48 1055-1208 1 .67 -1 .77 77

20 49 1181-6928 5 .9 7 -6 .9 5 78 130-210 0 .4 0 -2 .6 8

21 50 79 1065-1202 0 .9 9 -1 .1 2

22 51 839-947 0.00-1 .26 80 1091-1245 1 .51 -1 .70
23 52 1670-1893 2 .7 2 -2 .9 9 81 1301-1398 1 .87 -2 .00

24 1510-1656 1 .27 -1 .39 53 4033-23000 3 .8 7 -4 .7 6 82 4918-28682 3 .6 1 -4 .5 2
25 1346-2020 0 .4 2 -2 .5 8 54 83 471-527 2 .1 9 -2 .3 3

26 3128-28759 3 .29 -5 .64 55 1239-1441 1.24 -1 .44 84

27 2037-2522 2 .82 -3 .09 56 85

28 57 1842-2122 1 .55 -1 .69 86 1127-1653 0 .0 0 -2 .0 5

29 946-1131 1 .04-1 .23 58 798-1307 0 .8 3 -2 .1 7 87 2423-3610 2 .49 -3 .66

Table 8.6: The individual distances and reddening of stars in the field around RX Pup.
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Figure 8.9: The reddening-distance relationship to RX Pup using the best fit stars. The 

range of values corresponding to E b - v  =  0.7 — 1.0 (Klutz et al. 1978) are shown as 

dotted lines, while E b - v  = 0.87±0.10 (Kenyon & Webbink 1984) are shown as dashed 

lines.
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8.6 Conclusions

Distance estimates have been made to GQ Mus and RX Pup using CCD B V Ic  pho- 

tometry of nearby held stars and the BVJc distance technique. The reddening law in 

the direction of GQ Mus allowed only a lower limit of ~ lk p c  to be made. Evidence, 

albeit tentative, was found for variable absorption over the held. If found to be true, it 

would be on the smallest scale (< 1 ) yet seen. GQ Mus was found to have M y=18.4, 

which is still brighter than its pre-outburst state 10 years hence. RX Pup was found to 

have a distance of 2.lto]3 kpc which is «-s; 30% greater than that assumed up until now.
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ERRATA

p.24 line 2: delete ‘(usually)’
p .25 §1.2, line 4: ‘prim nary’ should read ‘prim ary’
p .25 last line: ‘variabilty’ ‘variability’
p.26 para 2, line 7: ‘recieves’ should read ‘receives’
p.32 para 2, last word: ‘possibilités’ should read ‘possibilities’
p.32 para 4, line 2: ‘breaking’ should read ‘braking’
p.32 para 2, line 2; para 4, line 4: ‘mechanisim’ should read ‘mechanism’
p .33 para 1, line 1; para 2, line 4: ‘breaking’ should read ‘braking’
p .35 last line: ‘is’ should read ‘are’
p.37 §1.4.3, line 5: ‘continous’ should read ‘continuous’
p.37 §1.4.3, line 6: ‘spent’ should read ‘spend’
p .38 last line: ‘accuarate’ should read ‘accurate’
p.48 §2.2, para 2, line 7: delete ‘vignetting causes’
p.48 §2.2, para 2, line 4: ‘obsure’ should read ‘obscure’
p.51 2nd last line: ‘instrum ention’ should read ‘instrum entation’
p.54 In line on UZ For (King) ‘ON’ should read ‘O FF’
In lines on AM Her ‘O FF’ should read ‘ON’ 
p .55 line 3: ‘ten’s’ should read ‘tens’
p .64 §3.4.2, line 4: 8.3(7 should read 6.4(7; line 5: ±0.0007 should read ±0.0009 
p.66 §3.4.3, para 1, line 16: ‘indistingusable’ should read ‘indistinguishable’ 
p .77 last line: ‘arbitarily’ should read ‘arbitrary’
p.81 last line, 1st para should read: Indeed, Piirola et al. (1994) find th a t the linear polarisa
tion is <1% (very low for an AM Her system ). 
p .84 §3.8.3, line 4: Porb should be 3.365 hours 
p.84 §3.8.3, title: ‘asynchronicity’ should read ‘asychronism’ 
p.84 §3.8.3, last line: ‘asynchronisity’ should read ‘asychronism’ 
p.94 para 1, line 6: ‘accent/decent’ should read ‘ascent/descent’
p .110 §3.18: Association with M67 does not necessarily imply th a t EU Cnc as a system is as 
old as M67.
p .115 §3.22, line 3: ‘approximatley’ should read ‘approximately’
p .123 §4.2, line 2: the colatitude of the accretion region (3 is distinct from the angle j3 between 
the spin and the magnetic poles shown in figure 1.4. 
p .123 §4.2: ‘figure 1.2’ should read ‘figure 1.4’ 
p. 124 line 5: after ‘accretion’ add ‘region’
p .125 §4.3.1, para 2: A shift in longitude causes an equal and same sign change in phases of
the s ta rt and end of the faint phase. On the other hand, a shift in latitude causes an equal
and opposite change in the start and end of the faint phase, 
p .125 §4.3.1, para 2, line 7: after ‘accretion’ add ‘region’ 
p .132 §4.8, para 1, line 7: ‘adequatley’ should read ‘adequately’ 
p .133 3rd para, line 7: ‘systems’ should read ‘system’ 
p. 137 line 4: ‘dissagreement’ should read ‘disagreement’ 
p .140 equations 5.4-5.6 should read

^tbfbol — ftbfbol^lQQ (5.4) 
b̂b,b<A — (5.5)
^cyc — 27r/cycd^oo (5.6)

where fbb,bol is the peak unabsorbed blackbody bolometric fiux and (f̂ oo i® tiiG distance to the
object in units of lOOpc
p.l43  ‘BL Hyi+ (II)’ should read ‘BL Hyi+’



p .143 Last line of caption should read ‘An * denotes the ...’
p .144 §5.4.2, para 1, line 6: ‘representive’ should read ‘representative’
p .149 §5.5, line 2: ‘coefhecient’ should read ‘coefficient’
p. 169 1st para, last line: ‘BY Cam’ should read ‘EK UMa’
p .169 §6.5, line 3: after add ‘as’
p .172 2nd para, last line: after ‘variation’ add ‘in the soft component’
p .174 §6.8.1,1st line: ‘integrated’ should read ‘bright’
p .183 1st line: ‘infuences’ should read ‘influences’
p .183 last line: ‘parm eters’ should read ‘param eters’
p .187, pl89 last lines: ‘representitive’ should read ‘representative’
p. 190 §6.13, line 14: after ‘possible’ add ‘to determine’
p .194 §6.17, line 4: ‘effected’ should read ‘affected’
p. 198 In second bullet, line 5: remove ‘were’
p.201 para 2, line 8: ‘instabilty’ should read ‘instability’
p.202 line 6: ‘presure’ should read ‘pressure’
p.214 last line: /_2=100
p.218 last bullet, line 1: ‘in terpretated’ should read ‘interpreted’
p.221 para 1, line 8; p.222, para 2, line 8: ‘planatery’ should read ‘planetary’
p.222 para 2, line 9: ‘diagnostitic’ should read ‘diagnostic’


