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ABSTRACT 

The magnetic rotator model has long been the 

favored explana tion for coherent photometric modula tions 

in the DQ Herculis class of cataclysmic variables. 

However, to date, all evidence supporting this model has 

been 0 f the i ndirec t va r ie ty. Un 1 ike the i r synchronousl y 

rotating cousins, the AM Herculis objects, DQ Herculis 

stars have not yet been discovered to emit polarized 

radiation. Therefore, in light of this crucial lack, the 

evidence used to place these objects in the magnetic 

cataclysmic variable category has been strictly 

circumstantial, based primarily on the coherence of the 

photometric periodicities. 

In this work, time-resolved spectroscopy of four 

long-period DQ Herculis stars is performed. In addition, 

two of the same objects are observed with a new, sensitive 

circular polarimeter. Chapters II and III describe these 

observations and the results of each. 

To summarize, coherent variations in the 

wavelength of emission lines were found with the 

spectroscopic observations. A model is 

explaning this phenomenon as being due 

xii 

put forth, 

to varying 
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illumination from a bright spot on the primary. This, of 

course, adds strength to the magnetic rotator model. 

Secondly, circular polarization was definitely found in 

one object studied, and possibly in a second. Therefore, 

for the first time, there is direct evidence of the 

magnetic nature of these binaries. 

In Chapter IV, the model of the rotating bright 

spot illuminating the disk is explored in further detail, 

including modeling with a minicomputer. Afterward, a 

problem brought out by the low polariza tion coupled wi th 

large amplitude photometric variations and a cool spectrum 

is investigated, namely, is it possible to produce large 

amounts of cyclotron radiation without producing large 

amounts of circular polarization? The results tend to show 

that, for a large emitting area, the answer is yes. 

Chapter V is a summary of the rest of the work. 



CHAPTER I 

BACKGROUND 

A. Introduction 

Cataclysmic Variables 

Cataclysmic variable is the name commonly given to 

a class of interacting binary stars. Generally consisting 

of a white dwarf with a low-mass red companion of spectral 

type K or later, these systems have binary separations on 

the order of a single solar radius, with correspondingly 

short orbital periods. These orbital periods range from 

17.5 minutes for AM CVn to 14 hours and 38.5 minutes for 

BV Cen (Ritter, 1984). An exception, GK Per, which 

contains an evolved secondary, has a period of nearly two 

days. A common feature of all of these systems, however, 

is mass transfer, where gas flows from the inner 

Lagrangian point of the red star, which fills its critical 

Roche surface, and is' deposited onto the white dwarf. In 

most cases, the angular momentum of the infalling material 

forms an accretion disk around the primary. This disk is a 

strong source of emission line radiation, a prominent 

feature of cataclysmic variables. 

1 
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The term "cataclysmic variable" was originally 

applied to three classes of eruptive variable stars; dwarf 

novae, novae, and supernovae, in order of increasing 

outburst energy (Kraft, 1962; 1963). It soon became 

apparent, though, that the members of the first two 

classes were binaries, undergoing mass transfer. This idea 

was not new; it had originally been put forth by Joy 

(1940). However, the third class, supernovae, was dropped 

from the list, as the mechanisms for their outbursts 

proved to be different. Additional classes or subclasses 

have been introduced, though, as more detailed knowledge 

of cataclysmic variables has accumulated. The term "nova

like" variable is sometimes used for binary accreting 

systems which resembled novae spectroscopically and 

exhibited "flickering" (to be discussed in the next 

paragraph), but have not been known to undergo 

thermonuclear outbursts. Today, the family of cataclysmic 

variables is generally divided into these three 

subclasses; novae, dwarf novae, and nova-like variables. 

The distinctions between classes are based upon 

observational history and characteristics. 

Novae: Also known as classical novae, these are 

objects known to have undergone a large energy outburst, 

increasing in brightness by several magnitudes, at some 
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time in recorded history. These stars are characterized 

photometrically by random short timescale variations (-5 -

10 minutes in length), known as flickering, due to 

irregularities in the infall of accreted matter. They are 

also seen to vary on a slower scale by up to a magnitude. 

Spectroscopically, they show very blue continua with very 

strong emission lines. Higher excitation lines, such as He 

II 4686, are prominent. 

The canonical model for the eruption of novae 

consists of a thermonuclear runaway in the accreted matter 

on the surface of the white dwarf (Warner, 1976). 

Typically, up to 10 4 Mo may be ejected in the ensuing 

explosion. This leads to another feature common to novae, 

namely, the presence of an expanding shell of material 

blasted outward at the time of outburst. 

Dwarf Novae: This is a subclass of objects whose 

distinguishing characteristic is the repea ted occurrence 

of outbursts of energy, similar to those of novae, but 

smaller. Unlike the mechanism in classical novae, the 

outburstsin these stars are attributed to changes in 

accretion, either in the secondary (Bath, Evans, and 

Pringle, 1974) or in the disk itself (Smak, 1971: Osaki, 

1974). These objects can be roughly subdivided into three 

classes. 
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U Geminorum stars. These have outbursts ranging 

from 2 to 6 magnitudes lasting for 5 - 20 days, recurring 

on a scale of 30 - 300 days. These values are far from 

constant for any given member of the group. Prominent 

spec~roscopic features are strong low-excitation emission 

lines and Balmer continuum. In outburst, the lines often 

go into absorption. 

Z Camelopardis stars. These are very similar to U 

Geminorum objects, save that upon decline from outburst 

maximum the light curve often hangs halfway up from the 

low state. These "standstills" may last for years in 

extreme cases. 

SU Ursae Majoris stars. These objects are a very 

distinct subclass of dwarf novae, characterized by the 

usual quasi-periodic outbursts, plus occasional 

"supermaxima" which are typically a magnitude brighter 

than the usual maxima and last for I to 2 weeks. These 

supermaxima are modulated by "superhumps," a coherent 

sawtooth disturbance in the light curve 2% - 5% longer 

than the orbi tal period. Spectroscopically, they resemble 

the other two classes. 

Nova-like variables: This is a very heterogeneous 

or "grab bag" class of cataclysmic variables which have in 
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common that they show no sign of either nova or dwarf nova 

type outbursts. They can be divided into four categories. 

UX Ursae Majoris stars. These are the systems 

which are spectroscopically and photometrically scarcely 

distinguishable from novae at minimum, except that no 

outbursts have been recorded. 

VY Sculptoris stars. Spectroscopically, these are 

similar to dwarf novae at maximum. Photometrically, they 

occasionally show deep minima, lasting from weeks to 

months. Because of this reverse behavior compared to dwarf 

novae, this class is also known as the "anti-dwarf novae." 

AM Herculis stars. This is the only class of 

cataclysmic variables clearly demonstrated not to have an 

accretion disk. They are characterized by large amounts of 

optical circular polarization produced by cyclotron 

emission, indicative of a strong magnetic field. This 

field is believed to both lock the rotation of the primary 

into synchronicity with the orbit, and to funnel the 

accreting material directly onto the magnetic poles. These 

objects are also strong X-ray emitters, due to the 

funneling effect which serves to greatly heat up the 

infalling material~ in fact, several of them have been 

discovered in this manner. In general, they tend to clump 

toward the shorter end of the period range. 
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DQ Herculis stars. Spectroscopically, these differ 

little from UX Ursae Majoris stars. However, at high time 

resolution they exhibit coherent photometric pulsations in 

both the optical and X-rays, ranging in timescale from a 

minute to over an hour. The extreme stability of these 

oscillations has led to the suggestion that they contain 

strongly magnetic white dwarfs, although a disk is 

believed to have been allowed to form and the white dwarf 

is spinning faster than the orbital period. The 

periodicities are thought to arise from reprocessing 

and/or direct view of optical and X- radiation from an 

accreting magnetic pole sweeping around with the rotation 

of the primary. 

Since this work chiefly encompasses investigations 

of this class of objects and their relation to other 

magnetic systems, discussion will continue of magnetic 

cataclysmic variables specifically in the following 

section. 

Magnetic Binaries 

There are two generally accepted classes of 

cataclysmic variables believed to have magnetic white 

dwarf primaries. The first of these are the AM Her 

systems, in which the magnetic field is strong enough to 
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prevent the formation of an accLetion disk and lock the 

primary into synchronous rotation with the orbital period. 

That the primary star is strongly magnetic is 

indisputable, due to the discovery of strongly polarized 

light from these systems which is modulated with the 

rotational (orbital) period. Hence, these binaries are 

often called "polars." The second group, whose prototype 

is DQ Herculis, seems to include, at least according to 

popular theory, a magnetic white dwarf whose field is not 

strong enough to prevent the formation of a disk and the 

resultant spin-up of the primary. However, coherent 

photometric periodicities of order a minute, sometimes at 

X-ray as well as optical wavelengths, are a unique 

characteristic of these systems. Since the coherent 

periodici ties are generally much shorter than the binary 

orbital period -- whose value can generally be established 

by spectroscopy the former are generally associated 

with rotation of the white dwarf primary. That the primary 

is magnetic is not established from polarimetric studies, 

though the coherent periodicit.ies are generally long 

enough (10 - 20 minutes) to indicate that it rotates 

rather slowly in comparison with a fully spun-up white 

dwarf (p usually less than a minute. This indicates that 

the inner edge of the disk has been truncated by a 
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magnetic field. Radiation emitted from polar accretion 

onto the white dwarf is then modulated with the star's 

rotation period, according to the popular DQ Herculis 

model (Bath, Evans, Papaloizou, and Pringle, 1974; 

Patterson, 1979). 

Recently, several systems have been discovered 

with much longer coherent periodicities -- from tens of 

minutes to just over an hour -- but still less than the 

orbital periods. Warner (1983) and others have argued that 

these systems harbor more slowly rotating magnetic white 

dwarfs. Indeed, they may generally have properties 

in termedia te be tween the totally synchronous AM Herculis 

binaries and the more rapidly rota ting DQ Hercul is stars. 

Thus, the new systems have been called "non-synchronous 

rota tors" and "in termedia te polars." Since a major resul t 

of this work is to show that a DQ Herculis model can be 

applied to four of these systems, we shall simply refer to 

them as long-period DQ Herculis stars. 

Beginning with the identification of TV Col 

(Charles, et al., 1979), six objects have been found which 

are listed in this category (Warner, 1983). Some of these 

objects exhibit two short period oscillations in 

brightness, and some exhibit coherent pulsations in X-rays 
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coiniciding in period with the shorter of the two optical 

oscillations. 

The curren t model employs a standard ca taclysmic 

system with red dwarf secondary and disk accretion. The 

primary star, however, is strongly magnetic, perhaps not 

so strong as AM Herculis fields, but stronger than those 

of ordinary cataclysmic systems (B on the order of H,5 -

106 gauss (Lamb and Patterson, 1983». At a point in the 

disk where the magnetic pressure becomes ~qual to the ram 

pressure of the gas, the disk is disrupted and material is 

channeled along the field lines, directly onto the 

magnetic poles, producing a column accretion shock with 

resultant X-ray bremsstrahlung and cyclotron radiation, as 

in AM Herculis objects (Liebert and Stockman, 1985). Hard 

X-rays are radiated from the magnetic poles, sweeping 

around with the rotation of the white dwarf. When this X

ray emitting pole faces the Earth an X-ray pulse is 

received. This is postulated to account for the coherent 

X-ray oscilla tions. 

To account for the coherent optical oscillations 

with the same period as the X-rays, there are two 

competing theories. i) Reprocessing of the X-rays by the 

axisymmetric accretion disk. Modeling of accretion disks 

has shown that they tend to "flare," becoming thicker as 
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one goes further from the central white dwarf. If the 

system is inclined at an angle much greater than zero, 

then the backside of the (presumably optically thick) disk 

will present a larger projected surface area to view. 

Thus, when the backside is illuminated by the X-ray beam 

we will receive more optical reprocessed radiation, 

producing an optical modulation of the same period, but 

1800 ou t of phase. See Fig. 1 (adapted from Warner, 1983). 

ii) Direct viewing of the rotating beam. This theory is 

much simpler. Basically, it sta tes tha t optical radia tion 

from the accreting funnel is seen directly, and is 

modulated as the magnetic pole rotates in and out of view. 

The reason for the two theories came about when 

observations suggested in some cases that the optical 

oscillations were in phase with the X-ray, (e.g. H2215-

086), while in another case, notably V1223 Sgr, they were 

1800 out of phase. 

In a similar manner, the longer period optical 

pulsation, also known as the "sideband" period, can be 

explained in terms of radiation reprocessed from either 

the secondary star or the bright spot hump. Because of the 

prograde orbital motion, the rotating X-ray beam will have 

to complete slightly more than one rotation before it 

again illuminates the orbital reprocessor. Evidence 
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supporting this moael comes from the fact that the 3 

observea perioas, Po (orbital), Pr (rotational), ana Ps 

(siaebana) obey the following relation: 

This is precisely what woula be expectea in such a 

moael. 

B. History of Objects 

AO Psc 

Of the four objects presentea, AO Psc is probably 

the best stuaiea. Patterson ana Price (1981) first 

reportea on the presence of coherent oscillations at 14.3m 

ana 13.4m. This was the first aiscovery of perioaicities 

on this time scale ana the secona known long-perioa DQ 

Herculis object. The source of the 14.3 minute oscillation 

has been variously proposea to be reprocessea raaiation 

from the seconaary (Patterson ana Price, 1981; 

Wickramasinghe, Stobie, ana Bessell, 1982), ana 

reprocessea, raaiation from the hot spot (proaucea by the 

accretion stream from the seconaary striking the aisk) 

(Hassall et al., 1981). The 13.4 minute perioa in this 

object is fairly weak in the optical, but prominent in x

rays. 
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V1223 Sgr 

V1223 Sgr was recognized to be a member of this 

class of objects in 1980 when Steiner et al. (l980a) 

first identified it with the X-ray source 4U1849-31, then 

confirmed its similarity to other long-period DQ Herculis 

stars (Steiner et al. 1980b). Preliminary observations 

gave an orbital period of 3h 22m. 

One hundred and four hours of photometry of V1223 

Sgr followed (Warner and Cropper, 1984). Their 

observations lent support to the already estimated orbital 

period, as well as revealing one, and possibly two, other 

periods. One of the newly discovered periods was at 13.2 

minutes, and was assumed to represent the rotational 

period of the white dwarf. The other new period, 14.1 

minutes, was present in only two runs, and never exceeded 

even half the amplitude of the first. It did, however, 

seem to fit the sideband period relation. A model followed 

in which the rotating X-ray source from the primary 

illuminated chiefly the accretion disk, and very few 

photons struck the secondary. 

In 1984, observations by Osborne (1984) revealed 

still another period in pulsed X-rays. This period, 12.5 

minutes, is exactly what one would expect if the strong 

optical period were the orbital sideband. Its presence 
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casts serious doubt upon the "sideband" period of Warner 

and Cropper. That period may, in fact, be spurious. 

UV spectra were obtained by Bonnet-Bidaud, 

Mouchet, and Motch, (1982) and Mouchet (1983), using the 

In terna tional Ul traviolet Explorer sa telli tee An increase 

of 23% in flux between the two spectra taken at different 

times was noticed. However, the V magnitude as determined 

by the fine error sensor remained the same. This led to 

the suggestion that there were at least two distinct 

emitting regions in V1223 Sgr. 

H22l5-086 and 3A0729+l03 

Less is known about the remaining two objects 

studied here. H22l5-086 was observed by Pa tterson and 

steiner (1983) as a result of the discovery of a 

moderately strong X-ray point source by Einstein 

Observatory. It differs from V1223 Sgr in that it has a 

strong optical pulsation at the (assumed) white dwarf 

rotation period, 20.9 minutes. A weaker pulsation, taken 

to be the sideband, exists with a period of 22.8 minutes. 

Spectroscopically, it is very similar to AO Psc and V1223 

Sgr. 

Only two periods are known for 3A0729+l03, the 

orbital period of 3h l4.2m, and an optical pulsation of 
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15.2 minutes (McHardy et al. (1984». The short period is 

identified with the rotation period of the white dwarf. 

Spectroscopically, He II is somewhat weaker than in the 

other three objects. 

Table 1 summarizes the known periods for the four 

objects. 

c. Motivation for Research 

In recent years much has been learned concerning 

this class of objects. Nevertheless there remains much to 

be discovered. Many questions remain unanswered. While it 

would be impossible to address all of them in a single 

work as limited as this one, the results of this research 

shall nonetheless be used in an attempt to answer three 

particularly intriguing ones which have been raised over 

the time since DQ Herculis objects were first discovered. 

They are as follows: 

1) What really is the source of the optical and 

X-ray photometric pulsations seen universally among these 

objects? 

2) Is the white dwarf primary really magnetic or 

not? 

3) Is there an accretion disk present or not? 
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Table 1. Basic Parameters for Systems 

Object Orbital Rotational Sideband 
Period Period Period 

V1223 Sgr 3h 21.9m I2.Sm I3.2m 

H22IS-086 4h 0I.Sm 20.9m 22.8m 

3A0729+I03 3h l4.2m IS.2m -----

AO Psc 3 h 3S.Sm 13.4m 14.3m 
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It has been tacitly assumed by most observers, 

ever since these objects were discovered, that the source 

of pulsations is the changing aspect of a hot accreting 

spot on the surface of the white dwarf. This has never 

been thoroughly demonstrated to the satisfaction of some, 

however, who choose instead to believe that these systems 

con ta in instead a pulsa ting, non-magne tic whi te dwarf of 

the ZZ Ceti variety. It is hoped that this work will shed 

some light on this important question. 

One very convincing sign of the presence of a 

magnetic primary is the detection of circular polarization 

in the light emissions of the system. For the case of AM 

Herculis objects this evidence has been clearly found. 

However, in the case of the DQ Herculis objects it is 

still missing. Polarimetric observations are performed in 

the course of this research to try and provide an answer 

to this question. 

Recently, work by King (1985) challenges the 

common assumption that an accretion disk is present in 

these systems, and proposes instead a system similar to an 

AM Herculis binary, except that the primary is not locked 

into synchronous rotation with the orbital motion. This is 
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therefore a valid question which also must be answered, if 

possible, in this work. 

It is therefore with these questions in mind that 

the rest of this work is performed. 



CHAPTER II 

SPECTROSCOPIC INVESTIGATIONS 

A. Introduction 

Caeaclysmic variables in general are characterized 

spectroscopically by strong Balmer emission lines, as well 

as, often, He II 1..4686, He I 1..4471, CIII - NIII 1.1..4640-50 

and others. Usually, the emission lines are quite broad in 

systems con taining accre tion disks (everything except AM 

Herculis objects (and possibly DQ Herculis objects as 

well)), reflecting the rotation of the inner portion of 

the disk. Total velocity widths are commonly 3000 - 4000 

km/s. In DQ Herculis stars, however, where the inner parts 

of the disk are believed to be absent, narrower lines are 

often observed, on the order of 1000 - 1500 km/s in some 

cases. 

The central wavelength of the emission lines is 

generally seen to vary. Most commonly, the amplitude of 

the variations is of the order of 100 - 200 km/s and 

sinusoidal, representing the Doppler shifting of emission 

from the disk as it moves around the system center-of-mass 

during the binary orbit. Often, a component can be seen in 

certain lines, moving with the same period but out of 

19 
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phase. This so-called S-wave is generally identified with 

emission from either the hot spot or the portion of the 

gas stream immediately preceding it. 

Chanan, Nelson, and Margon, (1978) performed high

speed spectrophotometry on DQ Herculis itself of the 

wavelength regions encompassing He II A4686. The data 

exhibited oscillations with the same 71 second period as 

the white light photometric data. However, it was noted 

that the pulse phase increased with increasing wavelength 

across the line. This was explained in terms of a rotating 

beam of X-rays from the surface of the white dwarf which 

illuminated first redshifted and then blueshifted 

material. 

In 1983-84, time-resolved spectroscopy was 

performed on 4 long-period DQ Herculis objects: V1223 Sgr, 

H22IS-086, jA0729+103, and AD Psc. Several phenomena were 

revealed, including orbital phase differences between the 

hydrogen lines and He II A4686 and coherent wavelength 

variations in the prominent emission lines with periods 

the same as the published photometric white dwarf periods. 

The first phenomenon, as well as the presence of variable 

He I A4471 absorption in 3A0729+103, are discussed in 

Section C. The coherent wavelength variations are explored 
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in section D. Finally, some limits for system parameters 

for V1223 Sgr and 3A0729+103 are derived in section E. 

B. Observations 

The data for the first three objects were obtained 

using the Big Blue Spectrograph and Reticon detector on 

the Multiple Mirror telescope on Mt. Hopkins, AZ. V1223 

Sgr and H2215-086 were observed on 1983 July 5, UT, and 

3A0729+103 was observed on 1984 February 1, UT. The 832 

line/mm grating, with a central wavelength of 4550 A, was 

used on bo th run s. The image s ta cker, w hic h corre c ts for 

different beam angles from the differ.ent mirrors in the 

telescope, was employed, giving a resolution of about lAo 

Integration times were 55 seconds in all cases. 

AO Psc was observed on 1984 June 23, UT, using the 

Boller and Chiven' spectrograph wi th the blue Re ticon 

detector package on the Steward 2.3m telescope at Kitt 

Peak. An 832 line/mm grating was used, 2nd order, with a 

central wavelength of 4500 A. The new aperture wheel was 

used, with the lx3 arc second slit pair selected, giving a 

resolution of about lA, comparable to the MMT. Total 

integration times were 120 seconds. Table 2 gives times of 

observation for all of the objects, and Fig. 2 shows, in 
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Table 2. Spectroscopic Observations 

Object Start of Dura tion No. of Fraction 
obs. (UT) of obs. ints. of orbit 

V1223 Sgr Sh 44 ID 2h 4Sm 124 0.82 

H221S-086 8 h S9m 2h 16m 100 0.S6 

3A0729+103 Sh 14m 3h 22m lS4 1.04 

AO Psc 8 h 24m 2h 56 m 64 0.82 
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order, composite spectra of v1223 Sgr, H22lS-086, 

3A0729+l03, and AO Psc. 

In order to facilitate the examination of the 

data, the actual base wavelengt.h of the HS, Hy, and He II 

A4686 was measured for each spectrum and the value stored, 

along with the corresponding heliocentric Julian date. The 

"base" is defined as the portion of the line nearest the 

continuum: it best represents the total line, containing 

all components. In a cataclysmic system, its width is 

determined chiefly by the rotation of the inner regions of 

the disk, i.e. veloci ty broadening. 

The measurements were made by determining the 

center of the line at a point just above what was judged 

to be the c6ntinuum noise. This "base centroid" was read 

using an interactive data reduction program: the cursor 

was positioned at the point to be measured and the 

coordinates in wavelength/flux space were read directly. 

This was done for each object, and the resultant tables 

were plotted. Figs. 3 - 6 show the data for V1223 Sgr, 

H221S-086, 3A0729+l03, and AO Psc respectively. The 

horizontal phase axes and their determination are 

discussed in section c. 

For V1223 Sgr and 3A0729+l03, there was data 

covering a sufficient portion of the orbital period to 
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perform a sinusoidal fi t to the poin ts vs. orbi tal phase. 

The results are plotted along with the observed 

wavelengths for both of these objects in Figs. 3 and 5. 

Immediately one notices a very interesting 

feature. The phasing of the He II line differs from that 

of the hydrogen lines in both cases. To be more precise, 

He II lags H by 0.21 orbit in V1223 Sgr and by 0.35 orbit 

in 3A0729+l03. The obvious explanation is that the 

dominant source of He II emission is physically located 

differently than the dominant source of hydrogen emission. 

There is eviden.ce in the data for AO Psc for 

orbital variations in the HS and He II A4686 data, but it 

was impossible to clearly fit a sinusoid to either. It 

does appea r tha t the He I I A4686 may la g HS in pha se, bu t 

for lack of a clear fit, plus observations by Patterson 

and Price (1981) to the contrary, it is not possible to 

draw any certain conclusions for this object. 

In addition, visual inspection indicates the 

pre sence 0 f s hor t- ter m modula tions in wa ve leng th 0 f 

amplitude greater than measuring erro~s, which for this 

data were about a quarter of an angstrom. This is most 

noticeable in H22lS-086. As it turns out, these variations 

are periodic, and correspond in each case to the 



30 

photometric (rotation) period of the white dwarf. This 

phenomenon is discussed in detail in Section D. 

In Fig~ 2c, absorption can be seen at 4471 A. An 

examination of all of the 3A0729+l03 spectra revealed that 

the absorption is variable. Consequen tly, the equi valen t 

width of the line was measured for each and plotted vs. 

phase. The result is shown in Fig. 7. Evidently, it is a 

periodic phenomenon, related to the orbital position. Its 

phase appears directly related to the phase of the He II 

emission. Further discussion appears in Section c. 

C. The Orbital Modulation 

The phase differential between the He II and H 

lines is supportive of the suspicions of Mouchet (1983) 

that there is more than one geometric site for line 

emission in V1223 Sgr, with both modulated at the orbital 

period of the system. Presumably this is also the case for 

3A0729+l03. Understanding these sources, what processes 

are involved, where they are located, would help greatly 

in the comprehension of DQ Herculis objects in general. 

For two of these objects, namely V1223 Sgr and 

3A0729+l03, there is sufficient coverage to determine an 

orbital phasing for the data. Using the standard 

defini tion of <P = 0.0 as being the point of minimum 1 igh t 
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photometrically, the mooel was examineo for orbital 

pho tome tr i c va r ia tion s. Accoroing to the mooe 1, suc h 

variations occur as a result of the changing aspect of the 

seconoary which is illuminateo by the primary. When 

maximum light occurs the seconoary is in superior 

conjunction. On the stanoaro assumption that the hyorogen 

lines come from the oisk ana represent the orbital motion 

of the primary, one woulo expect them to be crossing the 

system zero-point from reo to blue at this point. t-Je see 

this behavior occuring at HJD = 5520.8229 in Vl223 Sgr ana 

at HJD :: 5731.8184 in 3A0729+l03. 

It has been explicitly assumeo that one of the 

sources of emission is the accretion oisk itself. This is 

merely a consequence of the basic physical mooel for 

cataclysmic variables. The narrower wioth of He II in 

V1223 Sgr, however, is inoicative of a more localizeo, 

less velocity-broaoeneo source, such as a hot spot. In 

aooition, the phase offset for He II in both V1223 Sgr ana 

3A0729+l03 mentioneo earlier are also inoicative of a 

oifferent source of emission. The greater scatter in the 

3A0729+l03 oata suggests that either there may be a 

contribution from more than one source, or that the source 

is very weak, while the V1223 Sgr oata seem to inoicate 
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but one, fairly strong, source. The fact that a fit exists 

for the 3A0729+l03 data favors the second explanation. 

The hot spot is suggested as the place of origin 

of the He II emission in V1223 Sgr and 3A0729+l03. This 

source has been found in the past in cataclysmic 

variables, manifest in the so-called S-wave. Usually, 

however, it exists as a component of He II which also 

includes a large contribution from the inner disk region. 

In a DQ Hercuiis system, though, the inner disk region is 

disrupted by the magnetic field and may only exist 

partially at best. Hence, at least in the cases of V1223 

Sgr and 3A0729+103, a sort of "naked S-wave" may be seen. 

The only remaining problem is to explain the value 

of the phase difference between the motion of the He II 

line and the H lines. In V1223 Sgr, this difference is 

0.21 of the orbital period, whereas in 3A0729+l03, it is 

as high·as 0.35, with He II lagging in both cases. This 

corresponds to offsets in the motion vectors of the 

sources of 75 0 for V1223 Sgr and 126 0 for 3A0729+l03. 

Due to sca tter in the da ta, the amount for 3A0729+l03 may 

be rather uncertain, but not enough to be able to 

reproduce the value for .V1223 Sgr. 

There is, nevertheless, a simple explanation which 

will account for both observed values. Let the orbital 
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motion of the primary and disk around the center-of-mass 

of the system account for the motion of the center of the 

hydrogen lines. (Disk rotation will not affect this in a 

non-eclipsing system; as mentioned earlier, it will only 

broaden the lines.) Refer to Fig. 8, the arrows marked H 

in the two systems labelled a) and b). The arrows marked 1 

represent the intrinsic infall velocity of the gas stream. 

The arrows marked 2 represent the motion of the point 

around the center-of-mass. The difference between the two 

systems pictured is the loca.tion of the center of mass, 

which is merely a function of the mass ratio. In a), which 

is representative of Vl223 Sgr, a high mass ratio (q = 

Ms/Mp) places the center-of-mass closer to the secondary, 

producing a vector 2 which can significantly alter the 

direction of the final sum vector He, thus producing a 

vector offset between H and He of less than 90 0
• In b), 

however, the mass ratio is smaller and the center-of-mass 

is closer to the primary. Now the orbital vector, 2, is 

nearly lined up with the infa1l vector, 1, thus changing 

its direction very little. The resulting He vector, which 

started our offset from H by more than 900 , remains so. 

Thus one can see how changes in a parameter common in 

cataclysmic systems, namely the mass ratio, can produce 



Figure 8 Diagram showing center-of-mass placement vs. 
offset between H and He motion vectors. 
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the observed differences in velocity phase between line 

emission sources originating from the disk and hot spot. 

One more puzzle is the observed orbital modulation 

of the He I absorption. As was stated in section B, the 

phase cp = 0.35 where it appears strongly corresponds wi th 

when the He II velocity is perpendicular to the line from 

Earth to the star, i.e. neither receding nor approaching. 

One possible explanation is that one is seeing the effects 

of a cool "sheath" surrounding the infalling gas. It is 

argued that only when the side of the gas stream is viewed 

in front of the disk (the continuum light source) can one 

see the absorption. In other orientations the source of 

emission is seen more directly, thus obliterating most of 

the absorption. 

D. Rotational Modulations 

Coherent Periodicities 

Probably the most interesting result of these 

spectroscopic observa tions has been the discovery of 

significant velocity variations (excursions) on time 

scales faster than orbital for each of the three strong 

emission lines in each of the objects. This was not an 

unanticipated phenomenon the purpose of the very short 

integration times was to detect such modulations. They 
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were sought to determine, should they exist, whether or 

not they are periodic, and if so, to see if they are 

rp.lated to any of the short-term photometric periodicities 

claimed for these systems. 

Except in the hydrogen lines of H2215-086, it is 

not immediately obvious that any such coherent variations 

are present, nor is it possible to accurately determine 

the period by visual inspection. Therefore, each set of 

wavelength data for each object was subjected to a Fourier 

transform using an algorithm developed by Deeming (1975). 

The resulting power spectra displayed prominent peaks for 

all three lines for each star. Figs. ~ - 12 show the power 

spectra for V1223 Sgr, H2215-086, 3A0729+103, and AO Psc 

respectively. 

The analysis program also made it possible to 

determine the precise loca tion of the peaks in the power 

spectrum. These were measured, and are listed in Table 3 

along with their averages and the dominant photometric 

period of the white dwarf in the system. For V1223 Sgr and 

3A0729+103 the rotation period lies within one standard 

deviation of the average of the three wavelength period

icities found in the emission lines. For H2215-086, while 

the period does not match quite so closely, it must be 

noted that the widths of the peaks for this object, for 
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FR[QU[HCV (10 cycles/day) 

Power spectrum for the wavelength data for 
Vl223 Sgr. Top to bottom~ HB, Hy, He II ~4686. 
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FR[QUENtY (10 cycles/day) 

Figure 10: Power spectrum for the wavelength data for 
H221S-086. Top to bottom: HS, Hy, He II ~4686. 
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FREQUEHCY (10 cycles/day) 

Figure 11: Power spectrum for the wavelength data for 
3A0729+l03. Top to bottom: HB, Hy, He II ~4686. 



S 10 

rREQUEnCY '10 cycles/day) 

Figure 12: Power spectrum for the wavelength data for 
AO Psc. Top to bottom: HB, By, He II ~4636. 
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Table 3. Significant Periodicities in 
Fractions of a Day 

Source V1223 Sgr H2215-086 3A0729+103 AO Psc 

H13 0.008393 0.014662 0.010636 0.009076 

Hy 0.008622 0.014702 0.010464 0.008243 

He II 0.008702 0.014895 0.010620 0.009363 

Average 0.008572 0.014753 0.010573 0.008894 

Std. Dev. 0.000160 0.000124 0.000095 0.000787 

Photometry 0.008667 0.014514 0.010556 0.009306 



43 

which there was less data, are sufficiently wide to 

accoun t for the error. For AO Psc, the da ta were ga thered 

using the smaller 2.3m telescope instead of the MMT, and 

consequently are of poorer quality. The scatter in 

measured periods was larger, especially for HS, where the 

data were the worst. If one looks only at Hy and He II 

A4686, the agreement is quite good, as good as for the 

other three objects. 

Thus, for all four of the objects, periodicities 

have been found which lie quite close to the photometric 

or X-ray periods associated with the rotation of the white 

dwarf. In all cases the agreement is much better than with 

the sideband periods. Thus, considering the unlikelihood 

of chance coincidence in all four objects, it is concluded 

that the observed wavelength variations reflect the 

rotation of the white dwarf in some manner, to be 

discussed in the next sUb-section. 

A Rotation-Illumination Model 

In this section it is sought to present a model to 

account for the coherent wavelength variations seen in all 

of these objects. The model would be strengthened if it 

fit within the framework of currently existing models of 

DQ Herculis stars and were predictable on the basis of 
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such models. As it turns out, there is a model which does 

precisely tha t. 

This model is based upon one first put forth by 

Chanan et al. (1978) to explain certain phase-shift 

phenomena in DQ Herculis itself. Their model considered 

the effects of illuminating different angular sections of 

the disk with the beamed X-rays during the rotational 

cycle of the white dwarf. What this "new" model does is to 

add the effec ts of inclination, including the assumption 

of a magnetic axis inclined less than 900 with respect to 

the rotation axis of the primary. For an optically thick 

disk, only one face is visible from Earth (Ch. I, Fig. I), 

unless i is close to zero and/or the disk is very thin in 

the z-direction. 

Fig. 13 demonstrates this model. In each of the 

four parts the long arrow indicates the projection in the 

plane of the qisk of the line-of-sight to Earth. The small 

arrows indicate the direction of rotation of the white 

dwarf and the disk itself. The cross-ha tching represen ts 

the part of the disk surface illuminated by the rotating 

beam. Since the magnetic axis is not inclined by 90 0 , only 

one of the beams from the two poles intersects the surface 

seen from Ea rth. 
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Figure 13: Diagram illustrating effects of a rotating 
source of X-rays illuminating different parts 
of an accretion disk. 
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The four figures represent four points in the 

complete rotation cycle of the white dwarf. At points a) 

and c), the material illuminated is moving transversely to 

the line-of-sight to Earth. No wavelength shift is 

introduced. However, at b), the illuminated material is 

moving toward the observer, producing a blueshift. 

Similarly, at d), the material is moving away from the 

observer and is redshifted. Thus it is clear that, to an 

observer on Earth, the illuminated material will undergo a 

sinusoidal wav~length variation with a period equal to the 

rotation period of the white dwarf. This is precisely what 

is observed in each of these objects. The kinematic 

ev idence . presen ted here thus de monstra tes much more 

directly than a coherent photometric periodicity that a 

rotating searchlight attached to the primary star is the 

correct model. 

One further point might be added here. It has been 

assumed, throughout the study of cataclysmic variables, 

that the white dwarf in such a system would rotate 

progradely, i.e. in the same angular direction as the 

material in the accretion disk. However, there is no clear 

proof that this is indeed the case. These systems, though, 

provide an opportunity to test this hypothesis, using the 

rotation-illumination model described above. 
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Given that the optical variations are caused by 

the changing aspect of view of a hot accreting pole, in a 

progra de ly ro ta t ing sys te m one would e xpec t the rna xi m urn 

redshift phase to occur at one quarter of a rotational 

cycle past maximum light, as the searchlight follows the 

moving rna terial around the disk. A re trogradely rota ting 

primary, on the other hand, would move oppositely, such 

that maximum blueshift phase would occur a quarter of a 

rotational cycle past maximum. Therefore, if it were 

possible to determine the absolute photometric phase of 

the spectroscopic variations, this question would be 

answered. Unfortunately for this work, it was not possible 

to accurately determine the phase of the spectroscopic 

variations from the data because of the noisiness 

involved. Indeed, only the use of a Fourier transform 

enabled the periodicities to be discovered and measured at 

all. And similarly, it was not possible to simply 

determine the photometric phase from the spectroscopic 

data by use of counts, because on the nights when the data 

were obtained, conditions were considerably less than 

photometric, and only wavelength data were acquired with 

any sense of true accuracy. 
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E. System Parameters 

It is now possible to aerive some of the 

parameters for these four systems. From the orbital 

perioas,' given by Warner (1983), it is possible to 

estimate the masses of the seconaaries using a relation 

basea upon Roche geometry given by Webbink (1982), (Whyte 

ana Eggleton, 1980) ; 

p = 0.305 M 0.85 s 

Inserting the given perioas the resulting masses are 

obta inea. See Table 4. 

To aetermine limits on the masses of the 

primaries, one begins by noting that in cataclysmic 

systems the primary is generally more massive than the 

seconaary, i.e. g ~ 1. For H2215-086 ana AO Psc, nothing 

more can be saia. However, for the other two systems, 

limits can be aerivea based upon the phase difference 

between H ana He. The primary factor in aetermining what 

phase lag will occur for a given system is the position of 

the cer.ter-of-mass (Fig. 8), which is determinea by the 

mass ratio g. Using a crude moaeling program, which 

positionea the center-of-mass with respect to the rest of 

the system, it was possible to place some limits on g. In 

oraer for Fig. 8a to pertain for V1223 Sgr, g ~ 0.67. In 
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Table 4. Derived System Parameters 

Parameter V1223 Sgr H2215-086 3A0729+103 AO Psc 

Period (s) 12116 14490 11652 12930 

Ms (Mo) 0.40 0.49 0.38 0.43 

Mp (Mo) 0.40 ------ 0.60 ------
- 0.60 - 1.00 

KWd sin (i) 50 - 75 ----_ ... 60 - 90 ------

a (Ro) 1.05 ------ 1. 09 ------
- 1.14 - 1. 33 

i (0) 15.2 ------ 19.9 ------
- 27.2 - 45.3 

r (Ro) 0.035 ------ 0.057 ------
- 0.072 - 0.151 
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order for Fig 8b to apply fOlr 3AI0729+1103, 10.38 ~ q ~ 10.63. 

Table 4 gives the res~ltant limits for Mp ' along with 

limits for "a, the separationl of centers-of-mass of the two 

binary components, determined from Kepler's 3rd law. 

For the two obje~ts for which there are sinusoidal 

period fits, the value qf KWdsin(i) may be determined. It 

must be noted, however, that, due to large scatter in the 

data, the derived valqes may be too small by up to a 

factor of 510%. See Table 4 fbr the range of values. 

Next, the follqwin9 (Keplerian) relations were 

used, 

Rp = (q/(q+l»a 

and Vp = (2 'TT/P)Rp 

to deduce the true orbit~l velocity of the white dwarf for 

each limit for both stars. This, coupled with the observed 

Kwdsin(i), adds limits t~ th. inclination of these systems 

to Ta ble 4. 

Lastly, the velocioy widths of the H lines were 

measured for these two objects. Division by the sine of 

the inclination gives ~he velocity range for the inner 

disk regions. The resulting values for both were on the 

order of 111010 - 151010 km/sl small when compared with the 

3 10 10 10 - 4 10 10 10 k m / s f 0 un d for! m 0 s t cat a c I y s m i c s,b u t not 
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unexpected in DQ Herculis stars when one considers the 

disruption of the inner disk by the magnetic field of the 

primary. Applying the relation (from Kepler's law) 

r = GM /v2 
P 

where v is the inclination-corrected velocity discussed 

above, it is possible to compute ranges for r, the inner 

disk radius. Again, refer to Table 4. 

It may be noted that for V1223 Sgr the range of 

co-rotation radii (i.e. where the orbital period around 

the white dwarf for a disk particle equals the rotation 

period) goes from 0.14 Ro to 0.16 Ro. These values are 

considerably larger than the estimated inner disk radius. 

The same thing applies for 3A0729+l03, where the range of 

co-rotation radii is 0.17 Ro to 0.20 Ro. These imply that 

these systems are not in equilibrium (Lamb and Patterson, 

1983), i.e. the white dwarf is being spun up by the 

accreting matter. 

F. Conclusions 

The spectroscopic observations have revealed 

periods for V1223 Sgr and 3A0729+103 which are consistent 

with the previously published photometric orbital periods. 

In the case of H2215-086 no conclusion is possible in this 
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respect since the data covered only about half an orbital 

period, and similarly it was not possible to clearly see 

orbital effects in AO Psc. Additionally, the phase 

differences between the H lines and the He II line 

supports the earlier hypothesis of Mouchet that there is 

more than one source of emission in V1223 Sgr, and extends 

it to at least one more object, namely 3A0729+l03. Because 

of the generally accepted idea that at least some He II in 

normal cataclysmics comes from the inner disk regions and 

thus produces no observed phase difference, this 

observation, coupled with the estimated inner disk 

veloci ties, strongly suggests tha t the inner disk region 

does not exist, an observation predicted by theory of 

strongly magnetic cataclysmic systems. Likewise, no 

significant component of the line emission can be 

associated with the secondary star. 

A point may be made here in regard to the third 

question raised in Chapter I, namely, the question of the 

whether or not an accretion disk really exists in these 

systems. For each object studied here, in each case the 

strongest modulations by far were those associated with 

the orbital motion of the system, and not with the 

rotational period of the white dwarf. Were there no disk 

present, the dominant light would be expected to come from 
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the accretion funnel instead, and would be modulated with 

the white dwarf rotational period. Modulations on that 

timescale are seen, but they are minor in comparison with 

the orbital variations. Therefore, the presence of a 

bright, emission line producing accretion disk is implied. 

Probably the most interesting result is the 

discovery of coherent wavelength modulations with the same 

period as the photometric white dwarf rotation period. 

This allows one to say something in regard to both the 

first and third questions posed in Chapter I. Firstly, it 

implies that, if there is not a disk present, then only 

one magnetic pole must be actively accreting. The 

reasoning for this is quite simple. In the absence of a 

disk, the most likely source for the strong redshifting 

and blueshifting is a varying aspect of view of material 

falling down an accretion funnel. If two poles were 

actively accreting in a diskless system, then for each 

amount of redshifted gas there would be an equal amount of 

blueshifted gas. Therefore, one pole would have to be 

dominant over another, implying an offset dipole or other 

such geometry. Of course, in regard to the paragraph 

above, such rotationally modulated emission would be 

expected to dominate over any orbitally modulated 
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emission, which is simply not observed. So again, the 

implication is that a disk does exist. 

Given either a disk or no disk, however, the 

presence of the wavelength variations does imply that the 

source of x-ray and optical emission in these systems is 

something attached to the pr.imary and rotating with it, 

and not merely a pulsating white dwarf. Thus, in response 

to the first question from Chapter I, it can be said that 

evidence from this work strongly favors the hot-spot 

rotation model as opposed to the zz Ceti model. 

The rota tion-illumina tion model will be explored 

in greater detail in Chapter IV. 



CHAPTER III 

POLARIMETRIC INVESTIGATIONS 

A. Introduction 

The presence of a magnetic white dwarf in DQ 

Herculis systems has been inferred, indirectly, by the 

presence of coherent wavelength modulations, as well as by 

the relative narrowness, of the emission lines. The former 

phenomen?n requires the presence of a stable, very hot 

region on or near the surface of the white dwarf; the 

latter implies the absence of the inner portions of the 

accretion disk. In both cases, however, the magnetic model 

was adopted due to the ease and simplicity with which it 

explained the observed phenomena, and not because of any 

direct evidence that a magnetic field is present. 

AM Herculis stars, on the other hand, have long 

displayed more direct evidence of their magnetic na ture. 

Beginning with Tapia (1977), circular polarization on the 

order of 10% was discovered in AM Her itself and in 

several other members of its class. Polarized cyclotron 

radiation is produced in the accretion column near the 

primary and modulated with its rotation period. As 

55 
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opposite poles are brought into view, the sign of the 

polarization reverses. Emission line velocities and widths 

in AM Herculis stars are also inconsistent with the 

presence of an accretion disk. 

Following this discovery, attention was focussed 

on the DQ Herculis objects. The question was: Since these 

are also believed to be magnetic objects, should not they 

also exhibit circular and/or linear polarization? An 

attempt had been made (Swedlund, Kemp, and Wolstencroft, 

(1974) to detect such polarization in DQ Her itself, and a 

claim had been made of a positive result at twice the 71 s 

rotational period, with a peak-to-peak periodic variation 

of 0.2 percent in circular, and of a net result of 0.6 

percen t in linear. However, these resul ts were marg inal, 

requiring large amounts of telescope time, and have not 

been repeated. Since then, several attempts have been 

made to detect such polarization, especially in the longer 

rotational period objects such as those studied in this 

work. To date, nothing definite has been found, to limits 

of less than a percent. This has led to the hypothesis 

that if circular polarization exists in DQ Herculis stars, 

then it exists at levels below current detectability 

limits. 
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Recently, advances in polarimeter technology have 

allowed the limits of detectability of circular 

polarization in astronomical objects to be pushed even 

lower. One of the foremost instruments in this revolution 

is the new Octopol Pockels cell polarimeter, developed at 

the university of Arizona's Steward Observatory. 

Accordingly, two long-period DQ Herculis objects were 

observed with this instrument. The following section 

describes both the instrument itself and the observations 

made of H2215-086 and 3A0729+103. 

B. Observations 

The circular polarization observations presented 

here were obta ined with the ne w Steward Observa tory 

"Octopol" polarimeter, mounted on the Steward 2.3m 

telescope. This instrument resembles previous Pockels cell 

polarimeters (see e.g. Angel and Landstreet, 1970) but 

fea tures full computer control of selection of aperture, 

bandpass, and other parts of the optical train. Dual Ga-As 

photomultipliers are employed for high quantum efficiency, 

and a TV-guiding system can be mounted on the side of the 

instrument. The Pockels cell is modulated with fully 

symmetric waveforms at 100 Hz to minimize the effects of 

rapid variations in light input. Furthermore, the whole 
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instrument package rotates through 8 positions, each 

separated by 45 0 , in pairs separated by 900 , to reduce the 

effects of linear polarization leaking through the system 

optics and being interpreted as circular. 

H2215-086 was observed on Oct. 29, 1984 UTe An R64 

filter was used which, when combined with the response of 

the PMTs, limited the wavelength coverage to >">"6400 -

8600. Dwell time spent at each of the 8 instrument 

positions was 40 seconds. Each series of four sets of 8-

position observations of the object was bracketed by an 8-

position observation of sky. Altogether, 16 8-position 

observations of the star were made, yielding 64 usable 

data points, spanning 109 minutes. 

Similarly, 3A0729+103 was observed on Jan 21, 1985 

UT, with the same wavelength coverage. Time spent in each 

of the 8 instrument positions was 30 seconds. Sky 

observations were taken in the same manner as for H2215-

086. Again, 16 8-position observations were taken, again 

yielding 64 usable data points, spanning 103 minutes. 

Total observing time in this case was limi ted by wea ther 

and sunrise. 

3A0729+l03 was observed a second time on Jan 21, 

1985 UTe This time, 40 seconds were spent in each of the 8 

instrument posi tions, wi th bracketing sky observa tions of 
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15 seconds. Twen ty four 8-posi tion obssrva tions were 

taken, plus three partial observations each interrupted by 

computer failure. The net result was 101 usable data 

points, spanning 162 minutes. 

On this run, a series of tests were performed to 

ensure the validity of the results. They are as follows: 

1) Linear leak: The Octopol system employs a 

Pockels cell which acts as a quarter wave plate, 

converting circular polarization into linear for 

measurement. Linear, on the other hand, is converted into 

circular, which is not measured. However, the Pockels cell 

is not exactly V4 at all wavelengths, and therefore 

incoming linear polarization may not be entirely converted 

to circular at certain position angles. This is called 

"linear leak." In order to be certain that linear 

polarization was not responsible for a~y circular 

ostensibly detected, a purely linear measurement was made. 

The result was 0.230 + 0.300. Since the convel:'sion of 

linear to circular and vice versa has a ratio of at least 

10 to 1, it is quite evident that linear polarization 

could produce at best about 0.023% false circular. This is 

well below the detected levels in the data, and thus 

implies that linear leak is not responsible for the 

circular detected. 
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2) Measurement of zero polarization: In order to 

determine if the instrument would accurately measure a 

null source, the nearby (20 pc) G star HD 98281 was 

observed. The resul ts were 0.011 + 0.017 %, which is zero 

within error. 

3) Other internal sources: If false polarization 

were being produced after the Pockels cell in the optical 

train, then reversing the polarity on the cell would have 

no effect upon it. However, real astronomical polarization 

would have its sign changed. Accordingly, the polarity of 

the cell was reversed at a point halfway through the run, 

and all subsequent data were inverted. 

One final check was made to determine the actual 

direction of polarization. As defined by astronomers, in 

positive circular polarization the electric vector rotates 

counterclockwise when the Poynting vector is oriented 

toward the observer. The Pockels cell, depending upon its 

polarity, converts positive circular polarization into one 

of two senses of linear polarization, 90 0 apart. A 

Wollaston prism separates the two senses of linear 

polarization into two beams, each to be measured by one of 

the two photomultiplier tubes. Positive circular 

polarization is converted into one sense of linear, while 

negative is converted into the other. But as to which 
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polarity gets converted into which sense of linear depends 

upon the state of the Pockels cell. Therefore, depending 

upon the polarity of the voltage applied to the cell, 

there is an uncertainty as to the true sense of 

polarization being measured. So the AM Herculis star PG 

1550+191 was observed, which has known sign circular of 

polarization, to determine the actual sense of the data. 

For each instrument position, the switching of the 

Pockels cell causes each tube to alternate between 

measuring light in two different polarization states. The 

counts in each state may be designated as nl and n2. Using 

this convention, then the amoun t of circular polariza tion 

given by the Stokes' parameter V, in percent, is obtained 

as follows: 

V(%) = 100 x 
nl+n2 

For each posi tion, the acquisi tion progra m pr in ts 

out the total number of counts in both polarization 

states, i.e. nl + n2' and the computed V for the sum of 

star plus sky. This is also done for each sky observation. 

From these printed quantities, the individual values of nl 

and n 2 can be obta ined. Then, the concurren t sky va 1 ue 0 f 

both for each star observation is obtained by 
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interpolating between the preceding and following sky 

observations. The values of nl and n2 are computed for 

each object ob.!;lervation alone by subtracting the 

appropriate sky. Then each pair of positions (separated by 

90 0 ) are added and the net V computed. The result is the 

value of polarization for each data point. Figs. 14 and 15 

show the data for H221S-086 and 3A0729+103 respectively. 

In the latter, the top plot is for January and the bottom 

plot is for March. In each case, the da ta ha ve been 

plotted vs. heliocentric Julian day. Vertical lines 

represent the statistical photon noise error associated 

wi th each poin t. 

The error was computed in the following manner. 

Since the Poisson noise associated with N counts is Nl / 2 , 

and the sum of errors is the sum of their squares, the sum 

of error for star + sky is simply Nstar + qNsky' where q 

is a weighting factor taking into account relative 

apertures and time spent gathering data. However, it is 

the square root of this quantity which is desired, so the 

1 1 . ( )1/2 actua va ue of Ncr 1S Nstar + qN sky • To actua 11 y 

obtain cr, it is necessary to divide by N, the total number 

of star counts, which is simply Nstar - qNsky. To convert 
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plotted vs. time. 
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to percent one multiplies by 100. This is what was done 

for each of the data points for each object observed. 

Additionally, for each data point, the total 

instrument counts were added up to form an instantaneous 

count rate for the particular time of observation. This, 

in effect, is crude photometry. As with the polarization 

da ta, these numbers were plotted vs. Heliocen tr ic Julian 

Day. The results are shown in Figs. 16 and 17. 

It may be clearly seen here that the amplitude of 

modulation is on the order of 10% to 20%, the same as 

reported before for both of these objects, with occasional 

excursions as great as 40% to 50%. Thus it is evident that 

these systems displayed the same photometric behavior 

during these polarimetric observations as before, and that 

any attempt to describe their behavior will have to take 

such into account. 

c. Discussion 

Analysis 

If the DQ Herculis system primary stars are 

emitting polarized optical radiation as in the AM Herculis 

systems, one might an ticipa te tha t circular polariza tion 

would be detectable, modulated with the rotational period 
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Figure 16: Photometric instrument counts for H221S-086, 
plotted vs. time. 
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of the white dwarf. There is now strong evidence that the 

principal photometric coherent periodicities in both 

H22lS-086 and 3A0729+l03 are to be identified with the 

rotation periods of the white dwarfs. The photometric 

evidence is bolstered by kinematic evidence: The systems 

show velocity modulations in the H and He II emission 

lines at what appears to be the photometric periods 

(Chapter II). Thus, one of the goals of this analysis is 

to look for circular polarization modulated with the known 

photometric periods in the two systems. 

If the overall polarization is small, it might be 

difficult to establish that it varies at a particular 

period. However, an easy first step is just to sum the 

total data set and see if there is any statistically 

significant net circular polarization (i.e. a "DC" 

component). Indeed, it is possible for one magnetic pole 

of the white dwarf to be in view for the entire rotational 

period: this would imply that circularly polarized 

radiation of the same sign would always be beamed in the 

direction of Earth, as for such AM Herculis objects as EF 

Eri. 

Therefore, with this in mind, such an averaging 

was performed on the data for these two objects. For 

H22lS-086, the net result was 0.064 + 0.024 %. This is 
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about a 2.70 positive result. Although it has not been 

confirmed, it nevertheless presents tantalizing 

possibilities. Further observation of this object is 

definitely called for. 

Similarly, the data for each of the two runs on 

3A0729+l03 were averaged. This time, the results were 

clearly more definitive. For the January data, the result 

was -~347 ± 0.067, a 50 result, and for the March data it 

was -0.236 ± 0.057, a 40 result. An average of the two 

yielded -0.239 + 0.030, an 80 result. Clearly, net 

negative circular polarization is being seen. 

This confirmed resul t for 3A0729+103 consti tutes 

the first definite detection of circular polarization from 

a DQ Herculis star, and the possible positive result for 

H22l5-086, like the Swedlund et a!. (l974) claim, serve to 

support the idea that circular polarization is, in fact, 

seen at low levels in DQ Herculis objects in general. A 

discussion of this important discovery will follow in the 

next section. 

Concerning the search for modulations with the 

same period as that of the rotating white dwarf, three 

kinds of analysis were performed. First, the data were 

binned according to the rotational period of the white 

dwarf (as inferred from the study of coherent photometric 
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and spectroscopic periodicities). Fig. 18 shows the 

binning for H221S-086, and Fig. 19 shows the binning for 

3A0729+103, again with January on top and March below. 

Each was then examined for signs of periodic behavior. 

It is not apparent that there is any sort of 

modulation present in any of the three plots. In each 

case, the variations present appear to be purely 

stochastic. Therefore, to obtain a better pictuce of the 

phase-dependent behavior, the data for each plot were 

binned in intervals of a tenth of a rotational period. 

This is the second analysis. The results are shown in 

Figs. 20 and 21. 

The figure for H221S-086 shows large variations, 

but there does not appear to be any cyclical behavior to 

them. For example, at phases 0.05 and 0.95 there is a 

large difference. If there really were any sort of 

periodic. behavior present, one would expect it to "close 

the circle," i. e. to approach the same value at the 

beginning and end of the cycle. The behavior in H2215-086, 

although large in comparison to the error bars, is 

divergent, and therefore, apparently random. 

In the plot for 4A0729+l03, the data for the March 

run were phased against the data for the first run, using 

the ephemeris of McHardy et al. (1984). Their quoted error 



E~ 
7-
r'l 
U rr. 

t t 
~l u.s t:lo 

t t 
z 
0 -H 
E~ , ,,; 
n u.u 

l t 
H 

j ;. 

t t 
-

0 
p, 

rY. -u.s -j 
~) 
U 
rt; 
H 
U 

0.0 () ,. 
• J 

HO'l'NI'lONAL PHASE 

Figure 18: Circular polarization data for II2215-086, 
binned vs. rotational phase. 

71 

-

, 

l.U 



E· 
>--,.. 
~, I 
U rr. 
r.l 
III 

z 
o 
H 
~ 
rC 
N 
H rr. 
j 
o 
p, 

2 

0 

-1 

-2 

-3 

rr. 1 
r1' 
;J 
W 
U 
(Yo 
H 
U 

o 

-1 

J I 

0.0 

0.0 

t 

. 

I t t 

0.5 

HO'!'l\'1' IONl\L l'I1l\SE 

O.S 

t t 

'Ht 
t t 

HO'!'l\'!'lONl\L PIlI\SI~ 

72 

• 

, 

. t if ~t 

1.0 

1.0 

'Figure 19: Circular polarization uata for 3A0729+l03, 
binned vs. rotational phase. Top: January data. 
Bottom: March data. 



8 z 
"1 
U p:: 
w 
p.. 

z 
0 
H 
~ 
rt; 
N 
H 
p::; 
rt: 
H 
0 
p.. 

p::; 

j 
~ 
u 
ex: 
H 
U 

73 

. 
0.3 

t 0.2 

t t t . 0.1 

t O.U 

t t 
-U.1 

-U.2 

-0.3 . I - ..L -

0.0 0.5 1.0 

RO'l'A'£ rONAL PIIASE 

Figure 20: Circular polarization data for H2215-086, 
binned into groups of 1/10 rotational pe~iod. 



74 

T 

0.0 

t t t' 
j j 

-0.5 

8 

t 
z 
r4 
U p:: 
r4 
p. 

-1.0 
z 0.0 O.S 1.0 0 
H 
8 
.-t: RQ'l'A'1' I 0 NAL PHASE 
N 
H 
p:: 
.-t: 
H 
0 
p. 

p:: 

j 

t 
::> u 0.0 -f p:: 

t t 
H 

t u 

t t t 
t 

-0.5 t 
-1.0 

0.0 o.s 1.0 

RO'1'A'rIONAL PIIASE 

Figure 21: Circular polarization data for 3A0729+103, 
binned into groups of 1/10 rotational period. 
Top: January data. Bottom: March data. 



75 

was +0.00000002d , which over the interval between runs 

amounts to a total overall error of less than 1% of the 

rotational period. Here, it may be seen that there are 

possible modulations of up to 0.3% in the January data. 

However, as in the data for H2216-086, they do not "close 

the circle." Further evidence against ,their reality comes 

from the March data, which show no signs whatsoever of any 

periodic modulation. 

The final step of analysis for possible 

modulations consisted of performing a Fourier analysis on 

the data, in the same manner as was done for the 

wavelength data in Chapter II. All DC components were 

removed, and the data were run through the Deeming (1975) 

algorithm. A period window of 0.005 to 0.1 days was usedo 

In all cases the results were nil, there being no peaks in 

the power spectra with greater than lcr significance. 

Therefore, the results of the analysis of the 

polarimetric data indicate that there are no apparent 

periodic variations for either of the two objects studied 

here. In the case of 3A0729+103, there is definite, 

confirmed circular polarization present, at a level of 

around 8cr. In H2215-086, there is possible net circular 

polarization present, at a 2.7cr level, but this has not 
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been confirmed. The next section shall discuss the 

implications of these findings. 

Interpretation 

For the first time, circular polarization has been 

detected and confirmed in a DQ Herculis star, and possibly 

detected in a second. There is no evidence as of yet that 

it is modulated with any sort of periodicity, but the fact 

that it is present at all offers several explanations. 

Each will now be considered in turn. 

(a) Interstellar polarization: 

Small amounts of circular polarization can be 

produced by aligned interstellar dust grains or by 

scattering in the accretion disk. However, such mechanisms 

would, at the same time, be expected to also produce large 

amounts of linear polarization, which is clearly not seen. 

Therefore, it is concluded that the detected circular 

polarization is intrinsic to the star. 

(b) A magnetic white dwarf photosphere: 

Another possibility is that the circular 

polariza tion in 3A0729+103 (and possibly in H22lS-086 as 

well) originates on the magnetic white dwarf itself, 

through the process known as photospheric circular 
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dichroism (Kemp, 1970). Single degenerates with surface 

magnetic fields in the range 107 - 108 gauss show circular 

polarization due to this effect at the level of 

approximately 0.5% "- 5%, respectively (Angel, 1977). To 

account for the observed 0.24% degree of polarization in 

3A0729+l03 with a primary near the low end of this 

extreme, the photospheric light would have to be a major 

component of the overall optical output of the system. 

Yet, if the photosphere (or a large fraction thereof) is a 

strong con tributor, there is no ready explana tion for the 

observed very strong photometric modulation (up to 50%) 

with the rotation period (McHardy et ale 1984). If only a 

polar spot is responsible, this spot must be extremely hot 

(due to the tiny emitting area) in order to dominate the 

optical light. In fact, the UV spectrum is much too flat, 

having fA - A-1.8, (Szkody, 1985), for such a spot. Nor 

are any absorption features from a white dwarf photosphere 

evident at optical (or apparently Uv) wavelengths. 

Finally, if any part of the white dwarf is a substantial 

contributor to thE: optical light, the disk must be highly 

truncated. In the ensuing absence of strong emission lines 

from the disk, the funneled gas accreting directly onto 

the magnetic poles would dominate, resulting in strong 

modulation of the emission lines with the white dwarf 
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rotation period as is observed for the dominant "broad" 

component in AM Herculis systems. The observations of 

Chapter II show only weak modulation of emission lines 

wi th the rota tion period. 

For the case of a very strongly magnetic primary, 

(~108 gauss), a source of optical light up to 20 times 

brighter than the white dwarf could be present, and dilute 

the polarization to the observed level. But, unless the 

accretion rate is vastly higher than in an AM Herculis 

system (e.g. Chanmugam and Ray, 1984), a primary this 

strongly magnetic in a 3h - 4h system would be expected to 

be ro ta ting synchronousl y, and, 1 i ke an AM Hercul i s 

system, show strongly polarized optical cyclotron 

radiation and rotationally-modulated emission lines 

variations. Moreover, there is still the same problem 

explaining the observed dramatic photometric variations in 

both of these objects at the presumed rotational period. 

(c) A cyclotron-emitting funnel: 

One is therefore forced to return to cyclotron 

radia tion near the accreting magnetic whi te dwarf as the 

source of optical polarized light in 3A0729+l03, and 

possibly in H22lS-086. vJhile the data are not conclusive 

on this point, the lack of detectable modulation with the 
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rotational period suggests that one magnetic pole is in 

view most of the time. Indeed, the' sinusoidal X-ray light 

curves of DQ Herculis systems indicate that the accretion 

shock regions are quite large compared with AM Herculis 

systems (King and Shaviv, 1984). One might then expect 

more precise polarimetric observations to show a similar 

modulation. 

The overall amplitude of the optical polarization 

might be drastically reduced relative to that observed in 

AM Herculis systems in any number of ways: 1) By diluting 

the cyclotron emission wi th the residual accretion disk, 

2) By assigning much higher or lower fields to DQ Herculis 

primaries, which would shift the majority of polarized 

light either above or below optical frequencies, 3) By 

invoking a funnel geometry such that the net polarization 

of the cyclotron component is low. However, as was noted 

for the photometric hypothesis above, these potential 

solutions may not be compatible with the existence of 

large photometric variability. In fact, the major and 

apparently general problem for these systems is that of 

reconciling the small amount of observed polarization with 

the large amplitude of rotational modulation of the 

optical light. 
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The modula ted componen t has several observed 

properties which constrain its nature. 1) The optical 

spectrum is apparently blue (McHardy et ale 1984). Yet, 

as previously stated, the UV energy distribution rules out 

a very hot (Rayleigh-Jeans) thermal spectrum: 2) While 

showing very coherent phase stability, the shapes of 

successive rotational pulses vary enormously (McHardy 

et ale 1984, their Fig. 2), suggesting a stochastic or 

'flickering' behavior: 3) The optical pulses can 

apparently be either in or out of phase with the X-ray 

peaks (at least for AD Psc: Mason, 1985). These properties 

seem inconsistent with an origin due to reprocessing in an 

extended area of the disk, or due to a large region above 

the primary star. Rather, they point to the vicinity of 

the accretion pole, where presumably the observed X-ray 

bremsstrahlung emerges. Flickering in the amplitude of 

modulation suggests a link to rapid changes in the 

instantaneous accretion rate, which the AM Herculis 

systems also exhibit. 

These properties of the modulated optical 

component pose serious difficulties for two of the 

solutions proposed earlier for reducing the net circular 

polarization from the cyclotron component: 1) Dilution of 

the optical light by a disk must be less than about 50%, 
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or else the disk itself must provide the source of the 

modulated component. It was argued previously that a disk 

source is unlikely. 2} If one moves the cyclotron 

component away from optical wavelengths to reduce the net 

polarization, the photometrically modulated flux will also 

move. 

However, the third idea still deserves some 

attention: The geometry of the accreting funnel might be 

arranged to minimize the net polarization. For example, 

cyclotron emission might arise over a very wide range of 

magnetic field angles, a substantial part of Which is 

oppositely-directed as seen from Earth. Recent reports of 

X-ray light curves (King and Shaviv, 1984: Mason, 1985) 

make such a scenario rather attractive, since the implied 

standoff heights are large enough (several stellar radii) 

that the funnel cone would be quite broad, and both polar 

emitting regions could be seen at the same time for a 

range of viewing perspectives. It is noted, however, that 

very efficient cancellation must be the rule, rather than 

the exception, since all of these systems exhibit either 

very low polarization or none (detected so far) at all. 

Furthermore, the large and variable amplitude of the 

photometric variation~ have yet to be explained. 



82 

D. Conclusions 

Several things may be concluded. First of all, a 

bit may be said in response to the second question posed 

in Chapter I, namely, whether or not a magnetic primary 

really exists at all in these systems. As was previously 

stated, the strongest evidence by far for the existence of 

such an object in the related AM Herculis systems has been 

the detection of circular polarization in their light 

emission. Up until now, the same could not be said for DQ 

Herculis systems. However, the results of this part of 

this research now indicate otherwise; circular 

polarization has been discovered in DQ Herculis systems, 

and the evidence for their magnetic na ture is vastly 

strengthened. Nevertheless, problems still remain. 

Given the large modulations present in optical 

photometry, coupled with relatively cool spectra in both 

the optical and UV, it is difficult to reconcile the fact 

that circular polarization is not seen in much larger 

amounts. The first two points require the presence of a 

strong non-thermal source of emission in the system. 

Cyclotron radiation immediately suggests itself, but that 

is where the difficulty with low amounts of polarization 

occurs. Cyclotron radiation should be highly polarized. 

Therefore, a mechanism must be found to reduce the amount 



83 

of polariza tion emi tted. Possibili ties included a b:right 

accretion disk to dilute it, stronger or weaker fields to 

shift it out of the optical, or a mechanism involving the 

large size of the accretion spot to cause "self-dilution" 

of polarization. Since the first two possibilities only 

recreate the original problem, namely explaining the 

presence of the large amplitude modulations, one is forced 

to the third, or a variation thereof, unless a completely 

new approach may be found. 

Further discussion of polarization and magnetic 

fields follows in Chapter IV. 



CHAPTER IV 

MODELING AND CALCULATIONS 

A. Introduction 

In Chapters II and III, observations of long

period DQ Herculis objects were presented, using 

spectroscopy and polarimetry. The basic result from the 

former was the discovery of coherent wavelength variations 

with the same period as the photometric period associated 

with the rotation of the white dwarf. The latter 

observations failed to yield any definite periodic 

detection of circular polarization for either object, but 

a definite overall detection for negative circular 

polarization was made for 3A0729+l03, with a confidence 

level of 8a. In addition, a possible, 2 a level, positive 

result was obtained for H22lS-086.In both cases, a simple 

model was introduced as a possible explanation for the 

observed phenomena. It is the purpose of this Chapter to 

examine these models in greater detail. 

First of all, for the coherent wavelength 

variations, a so-called "rotation-illumination" model was 

put forth, explaining the observed shifts in terms of a 

rotating source of X-rays which alternately illuminates 

84 
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material which is redshifted and blueshifted in the 

observer's view of the rotating disk. A narrow cone, or 

"pencil" of radiation was assumed, as has been customary 

(Chanan et al., 1978), (see Fig. 13). However, there is no 

reason to assume that the illuminating radiation is in any 

way beamed. Moreover, some investigators question whether 

any kind of disk exists in these systems at all (c.f. 

King, 1985) However, as was discussed in Chapter II, this 

theory seems inconsistent wi th observa tional resul ts. In 

order to properly investigate this model a more plausible 

distribution must be found and modeled. This is precisely 

what is done in section B. 

Secondly, the measurement of circular polarization 

from 3A0729+l03 is the first definite detection among DQ 

Herculis objects (at least for those with long rotation 

periods). However, given the large amplitudes of 

photometric modulation and relatively cool spectrum, it is 

difficult to understand the low level of polarization 

present. The latter two phenomena require a non-blackbody 

source. Yet cyclotron radiation should be polarized. A 

possibility was mentioned, in Chapter III, of dilution of 

polarization across the surface of a relatively large 

polar cap, due to a divergent magnetic field. It is the 

purpose of Section C to examine this idea more closely, 
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and to perform modeling calculations to see if it is 

indeed plausible. 

B. The Rotation-Illumination Model 

The X-Ray Distribution 

One of the first tasks to undertake before making 

a serious investig~tion into the rotation-illumination 

model is to examJne thelangular distribution of X

radiation from the magnetic pole. In the literature, it 

has been common to describ)e this in terms of a penciled 

"beam" emanating f.rom thE~ pole, intersecting a small 

portion of the acc~etion disk and/or secondary (Warner, 

1983), in the manqer of neutron star pulsar& However, 

recent work by King and Sha~iv (1984) has shown that there 

is no basis for a~suming any kind of "pencil" or "fan" 

beam, or even a narll:ow accretion column or small "spot".as 

in AM Herculis sta~:s. Instead, they demonstrate that the 

observed effects, especially the sinusoidal hard and soft 

X-ray curves, can ~e produced simply by considering the 

angle of view of an isotropic emitting region. Considering 

this hypothesis, a plausible distribution of X-rays may 

thus be sought for. 

A chief difference between DQ Herculis stars and 

AM Herculis star~ is the presence or absence of an 
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accretion disk. Thus, it may be possible to examine models 

of the accretion columns of AM Herculis stars near the 

whi te dwarf and apply them in many respects directly to 

the objects presented in this work. Liebert and Stockman 

(1985) reviewed models of the accreting pole of an AM 

Herculis primary, showing a small area near the white 

dwarf surface where the magnetic field lines intersect the 

star as the primary source of X-rays. If the elevation of 

radia ting post-shock region is sma II, then the projected 

spot area will decrease with the cosine of the angle from 

the normal through the region. since the intensity of X

rays at a given radial distance is proportional to the 

amount of projected emitting surface, the resulting 

illumination intensity will also falloff a the cosine of 

the angle from the magnetic axis (see Fig. 22). This will 

lead to a sinuscidal variation in X-ray intensity as the 

rota tional motion of the whi te dwarf sweeps the emi tting 

region past the line of sight of observation. 

One should also consider the effects of self

absorption of X-rays in the accretion column. King and 

Shaviv (1984) show that the only significant opacity 

source is electron scattering. For hard X-rays, the column 

is virtually transparent. 
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Figure 22: Pattern of X-ray intensity emitted by an 
accreting pole. Lines are contours of constant 
flux. 
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However, they also demonstrate that the same 

cannot be expected for soft X-rays. The lower energy 

radia tion should suffer from extinction in the accre tion 

column -- at least, for small spot areas. In order to get 

sinusoidal variations at all energies, they argue in favor 

of a large accreting spot: up to half of the hemisphere 

occupied. They do, however, confirm that sinusoidal 

variations should occur, as this work predicts. 

To look for verification of this theoretical 

prediction, one turns to the literature, searching for 

instances in which light curves have been obtained in X

rays for AM Herculis stars. One excellent source is Swank 

et al. (1977) who observed AM Her itself using the GSFC 

OSO-8 X-ray experiment (Serlimitsos et al., 1976: Pravdo 

et al., 1976). Light curves for two (hard X-ray) bands, 2 

- 60 keY (lower) and 10 60 keY (upper), were 

constructed. Fig. 23, adapted from Swank et ale shows, 

most convincingly in the high-energy band, that the 

variations are at least quasi-sinusoidal in nature. 

More important, this sinusoidal behavior is also 

found in long period DQ Herculis stars as well. Again one 

turns to the literature. In 1982, Kruszewski et al. 

reported on X-ray observations of EX Hya. A periodicity of 

67 minutes, corresponding to an optical variation of the 
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same duration, was found. Fig. 24 is an adaptation from 

Kruszewski et al., (1982) showing the variations. On top 

is an artificially generated optical light curve. Beneath 

that is the X-ray data. Clearly, a quasi-sinusoidal type 

of behavior is present. 

White and Marshall (1980), as well as Patterson 

and Garcia (1980), reported on X-ray observations of AO 

Psc. In both cases the light curve was basically 

sinusoidal. The following year Whi te and Marsha 11 (1981) 

published a light curve, which is reproduced (adapted) in 

Fig. 25. Again, the sinusoidal nature of the variations is 

eviden t. 

Armed with the observational evidence, 

complemented by theoretical predictions earlier in this 

section and those of King and Shaviv (1984), it is now 

possible to determine a function which will describe the 

incident flux of X-rays at a given position on an 

accretion disk with respect to the emitting magnetic pole. 

In the most general model, the angular distribution of 

incident X-ray flux I(r,~) will be an unknown function 

A(~), mUltiplied by an inverse square factor, Le. 

where . ~ is the angle from the magnetic axis to the point 
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Figure 24: X-ray light curve for EX Hya. Top: Artificial 
optical light curve, with eclipse. Bottom: 
X-ray counts. 
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in question, R is the radius of the white dwarf, r is the 

distance from the pole, and Fo is the flux at the pole. 

(In actuality, since the emitting source is not a sphere, 

but merely a portion of the surface of a sphere, the 

distribution function will also contain a factor involving 

the angle sub tended by the emitting portion. However, this 

factor is a constant, and does not change the variable 

distribution. ) 

The angle, 1jJ, can be broken down into two 

components, namely, 8, which is the azimuthal component 

projected into the plane of the disk, and X, which is the 

angle (altitude) between the plane of the disk and the 

magnetic axis minus a correction factor to account for a 

disk of finite thickness. See Fig. 26. 

This correction factor may be calculated as 

follows: Consider the inclination of the magnetic axis 

from the rotational pole, i. Then the height of the pole 

above the plane of the disk is p = R cos(i). Let hex) 

represent the height of the surface of the disk above the 

plane at radial distance x. The height of the disk gas 

parcel above the pole, z, is given by z = hex) R cos(i). 

Then the correction angle (c) becomes to a very close 

approximation (neglecting the effect on x of curvature of 



a) Pole-on view. 

b) View in plane 
of disk. 

Projection of 
magnetic pole. 

Magnetic pole. 
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Figure 26: Illustration of disk and white dwarf in DQ 
Herculis system. Explanation is in text. 
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the whi te dwarf) 

2) c = tan-l(z/x) = tan-l((h(x)-Rcos(i»/x) 

At the same time the distance from the pole to the 

parcel of gas, similarly corrected, may be computed. It 

is, simply, 

Spherical trigonometry allows the combina tion of 

the angles, 8 and X , using the rela tion 

4) 1jJ = cos-l (cos 8cos X) • 

Thus, using the relation X = 90 - i - c, one gets 

the following: 

5) F = Fo(R 2/«h(x)-Rcos(i»2+x2» 

* A(Cos-l(cos8cos(90-i-tan-l«h(x) 

- Rcos(i»/x»». 

This is a function of three constants, namely Fo ' 

R, and i, two variables, x and 8, which are natural polar 

disk coordinates, and two unknown functions, h(x) and A(1jJ) 

A(x,8). Consider first h(x). 

In the most general case, the thickness h(x) of 

the outer edge of the disk can be expressed as some 
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fraction, k(x) of the outer radius of the disk, r o ' such 

that hero) = kr o • Since disks are generally assumed to be 

thin, we have k « 1. Inward of this outer edge, the 

thickness will be some fraction of kr o ' most generally 

describable by an infinite series, such that 

00 

6) hex) = kro ~ an(x/ro)n. 
n=O 

Similarly, for A( lJi), the most general of all 

possible functions is an infinite series as well, namely 

00 

7) A( tjJ) = L (bnsin(n tjJ) + cncos(n tjJ). 

n=O 

Of course, both of these expressions cannot be 

used without some simplification. In the case of hex), the 

shape of the disk will generally follow a power law, with 

a single exponent, to a very good approximation. Thus, the 

expression for hex) can be rewritten as 

Similarly, the angular distribution for the X-ray 

flux is likely to contain only one, or possibly two, 

significant terms. Inde~d, if there is no self-absorption, 

the distribution might be reasonably approximated by 

A(tjJ) = cos(tjJ). Other expressions, of course, are possible. 

One, given a non-negligible absorption, might be A(lJi) = 
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sin(2ljJ), or something similar. In the modeling presented 

here, various distributions, as well as various disk-shape 

power laws, were, tried, and the results are discussed 

later in this section. 

There is another factor to consider, namely, tha t 

in a DQ Herculis system one would expect to find both 

poles actively accreting. This is simply because, given 

that the poles would be on directly opposite sides of the 

white dwarf, both would present the same angle to the 

disk, and there is no reason to suspect that one would be 

favored over the other for accretion. (This would not 

hold, however, in a case where the magnetic field is not a 

simple dipole. But given the ages of white dwarfs, it has 

been argued that it would be unlikely that any higher 

order field components would still exist (Fon'taine, 

Thomas, and Van Horn, 1978) if the white dwarf is older 

than 10 7 - 108 years.) 

Still another consideration is whether or not the 

disk is illuminated out to large radial distances. Chanan 

et al. (1978) considered a model where only the inner edge 

of the disk of DQ Herculis itself was illuminated to 

account for their eclipse-related phase shift. However, in 

the present work that view is probably incorrect for the 

following two reasons: 1) The large area of the accreting 
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spot now generally agreed to exist (King and Shaviv, 

1984) would be extremely difficult to hide behind an 

inner disk rim. 2) Even more importantly, most of these 

long-period DQ Herculis systems exhibit sideband 

periodici ties associa ted wi th illumina tion of ei ther the 

secondary or the bright spot hump. Given that the 

radiation can "see over" the inner edge of the disk to 

strike an orbital reprocessor (Warner, 1983), it is 

logical to assume that the face of the accretion disk gets 

irradiated as well. 

Given two accreting poles, one may expect the 

illumination effects of the two poles to produce equal and 

opposite effects, Le. one pole would illuminate red

shifted material and the other illuminate equally blue

shifted material, resulting in no net displacement of the 

line. This problem is easily resolved, however, when one 

considers the effects of inclination of the magnetic axis. 

The above-mentioned situation occurs only if the emitting 

poles happen to lie in the orbital plane of the system. 

For any other inclination, however, the situation will be 

such that each pole will chiefly illuminate only one face 

of the disk. See Fig. 27. Since, for an optically thick 

disk, only one illuminated face of the disk is ever 



Figure 27: Diagram illustrating one pole - one face 
accretion disk illumination. 
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visible from Earth, the net observed effect would be the 

same as if only one pole were present. 

Asymmetries in Emission Lines 

In an ordinary accretion disk, the emission lines 

·derive their shape from the motion of the emitting gas. In 

the absence of any beams or other outside influences, the 

disk is symmetric, (save; of course, for the presence of a 

hot spot). For each parcel of gas which is moving so as to 

be redshifted, there will be another parcel, directly 

opposite the white dwarf, which is moving so as to be 

equally blueshifted. Thus, the net effect of disk motion 

in the optically thick limit is to merely broaden the 

lines -- no matter which side one views the disk from 

(with the same inclination, of course), the lines will 

look the same. 

However, there are other factors which affect the 

line position. First, the motion of the disk around the 

system center-of-mass will cause a net shift of the whole 

line, alternately to the blue and to the red, centered on 

the orbital motion of the white dwarf. Second, the 

presence of a bright spot in the disk can introduce an 

extra component to the line which moves differently as the 

system revolves, thus producing a systematic distortion. 
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This is commonly known as an S-wave. Note that this is the 

interpretation of the behavior of the He II lines in 

Chapter II. 

A third way of producing a distortion is to cause 

part of the disk to have greater luminosity (in particular 

that the disk flux depends on the azimuth). In this case 

there is no longer equality between the amount of light 

emitted by, say, a blue-shifted parcel of gas and its 

opposite red-shifted parcel. As a result, as viewed from 

particular orientations, ·the emission lines reflect the 

kinematics of the illuminated portion of the disk and thus 

will appear to have either a net redshift or a net 

blueshift. This, of course, is what is being postulated 

for the rotation-illumination model in this work. High

energy radiation from the. magnetic pole impinges upon part 

of the accretion disk, ionizing hydrogen, helium, etc. 

which then proceed to recombine on a timescale fast 

compared wi th Pro t' producing an em iss ion line spectru m. 

As the pole rotates, it illuminates different parts of the 

disk (as seen from Earth), thus producing a periodic 

redshifting and blueshifting of the line, as mentioned 

above. 
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The Modeling Program 

A computer program was developed which actually 

calculates, parcel by parcel, the amount of incident 

radia tion and rela ti ve in tensi ty of recombina tion lines. 

The resulting emitted radiation is then added, wavelength 

bin by wavelength bin, to a simple line profile and 

plotted, and the position of the line center near the base 

measured, following the procedure used for the 

observational data presented in Chapter II. 

To do this, it was first assumed that the 

radiation from one pole strikes, at most, half of one 

surface of the disk -- assumed to correspond to the side 

viewed by the observer in a non edge-on line of sight. 

This half surface was broken up into 181 slices, from -90 

to 90 (corresponding to -900 to 900 ), and 100 concentric 

rings, which gave a grid of 18,100 parcels of gas to 

illuminate. It was also assumed that the other half of the 

same side of the disk receives negligible radia tion from 

the other pole, which illuminates chiefly the opposite, 

hidden, surface. This, of course, simply follows the 

reasoning of the previous section, including the 

assumption that the disk is optically thick in line and 

continuum radiation at all points where illumination 

takes place. 



104 

An arbitrary direction was chosen to represent the 

vec tor poin ted toward Ea rt h. <t> wa s de fined a s be ing the 

angle in the plane of the disk between the projected line

of-sight to Earth and the projection of the the magnetic 

axis onto the disk. The distance from the center of the 

disk and white dwarf to the parcel of gas in question is 

x, and the angle from the axis projected onto the disk to 

the parcel is 6. See Fig. 28. 

The angle, 6 , was varied from -90 to 90, and x 

from the inner edge of the disk to the outer in 100 steps, 

thus covering each parcel of gas. For each parcel, the 

velocity was computed from Kepler's law, then the 

projected radial velocity as seen from Earth derived from 

the total velocity, its direction and position. Using Hy 

as the selected line, the amount of red-shifting or blue

shifting was calculated and an appropriate wavelength 

selected. Then, the rela ti ve amoun t of inciden t radia tion 

per 6A interval was determined from the amount of 

illuminated surface area within the corresponding 6vrad 

interval, and an appropriate amount of radiation was added 

to the proper wavelength bin. Output radiation was taken 

to be directly proportional to incident flux. This was 

done for the entire half-disk, and a 160 element 

wavelength array of 0.5A resolution created for the line. 
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Figure 28: Illustration of coordinates and variables 
used in modeling program. Explanation is in 
text. 
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One must also consider the contribution from the 

undisturbed di sk line: (1) Its shape is approxi rna ted by a 

gaussian of appropriate half width. This approximation is 

justified based on observations: in spite of modeling 

which "demonstrates" that disk emission lines should be 

double-peaked, they are usually seen as single, presumably 

because of large optical depths. It is thus believed that, 

in spite of the apparent crudity of the approach, the 

gaussian is closer to reality. (2) This line is then 

added, wavelength bin by wavelength bin, to the 

illumination spectrum array, after being multiplied by an 

adjustable scaling factor, since one has no idea in 

advance what the relative contributions of undisturbed 

disk and reprocessed disk radiation should be. It is this 

result which is then displayed and plotted, using a 

scaling factor designed to make the effect visible without 

completely overwhelming the underlying normal disk line. 

For the function describing the height of the 

flaring accretion disk, the approximation put forth in the 

preceding section was used. Since the constant relating 

the outer height to the outer radius is not known with any 

certainty, and also since the power law exponent is 

equally uncertain, both were left as input variables; the 
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intention was to try different values and note the effects 

of change. 

Similarly, an approximation for the angular 

distribution function was employed, one which allowed for 

a wide range of X-ray patterns. It is as follows: 

The coefficients and powers, a, b, c, d, e, and f, were 

treated as input variables. 

Thus armed with a modeling program capable of 

simulating a wide variety of situations, the investigation 

of the theoretical nature of the X-ray illumination on the 

surface of an accretion disk proceeded. 

The Shape of the X-ray Distribution 

In order to study the behavior of the line 

throughout one rotation period, the procedure was adopted 

of creating 8 rotational phase models for each set of 

parameters, changing only the longitude to line of sight 

of the accreting pole in steps of 45 0 , throughout the 

entire 360 o. The results were then examined for trends, 

and to determine the nature of the changes, if any. 

First, a simple cosine form of the X-ray 

distribution was assumed and the function describing the 
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disk flaring, h(x) (Eq'n 8) was varied. Both k and n were 

treated as input variables and a fairly wide range of 

values was experimented with. 

Using A(1jJ) = cos1jJ, the ratio, k (Eqn. 8), was 

varied from 0.1, which is considered reasonable, even 

slightly low, up to unity, which is clearly too high. Yet 

the resu1 twas that this extreme varia tion produced very 

little noticeable change. Next, the power law (n in Egn. 

8) was changed, being varied from unity (too low) to 6 

(much too high (Novikov and Thorne, 1973). Again, the 

shape of the resultant line was very insensitive to these 

variations. 

One is therefore forced to the conclusion that the 

exact shape of the accretion disk surface does not greatly 

affect the results. A physical reason for this may be 

simply that A(1jJ) is a slowly varying function, not sharply 

peaked, and thus, no matter what ·the disk shape, pretty 

much its whole surface gets illuminated. A value of n = 

1.125 (Novikov and Thorne, 1973) and k = 0.15 were 

assumed for the rest of the experimentation, namely, 

varying the actual X-ray distribution itself. 

Given the limitless possible variations of 

mathematical functions to describe this distribution! it 

was decided to turn attention only to those which it is 
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believed .bear some relation to physical reality. One 

function, of course, is the one mentioned earlier, the 

simple cos lji function. This assumes an isotropically 

emitting portion of the white dwarf surface and no 

absorption by the accretion column. There is much physical 

reason to believe a distribution of this form, based 

primarily on the X-ray light curves discussed earlier. 

It is, of course, possible that the distribution 

is more peaked than a simple cosine function, although 

there is no known physical reason why. It is more likely 

that a large spot area would produce a wider function. Or, 

some attenuation by infalling material might weaken the 

peak, or even make it double with a dip at the top. 

Accordingly, in order to examine all such possibi Ii ties, 

different distributions, variations on the cosine model of 

the nature A( lji) = cosn(lji), were tried. Also, in spite of 

the belief from the presence of photometric sideband 

modulations that much if not the entire face of the disk 

is illuminated, and not simply the inner edge, a model was 

attempted where only the inner edge was illuminated. 

Assuming, however, non-neglig ible absorption due 

to infalling rna terial, falling off wi th increasing angle 

from the vertical, another possible distribution form 

emerges. This distribution, characterized by a peak at 
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some angle away from the vertical, might be described by a 

function of the form A(ljJ) = sin(21/J), or by that added in a 

linear combination to the simple cosine distribution. The 

simple double sine function, incidentally, will produce 

peaks at 450 from the magnetic axis. 

since there is no known physical reason to 

consider any other radi'ca!l.l. different types of 

distribution, the modeling has, for simplicity's sake, 

been limited to those mentioned above. Several varieties 

of each distribution, including various combinations, were 

tried. The results are as follows. 

In general, the simple cosine distribution 

reproduced the phenomenon observed in the real data, as it 

does in effect also for the X-ray light curves. Little 

difference was noted for the case of A(ljJ) = cosn(ljJ) as 

o p p 0 sed to A (ljJ) = cos ljJ, for any ex c e p t val u e s 0 f n 

radically different from unity, that change simply being a 

small change in illumination strength for a given magnetic 

axis inclination. For the case of illuminating only the 

inner edge of the disk, a sharp, narrow secondary peak was 

observed at a large wavelength difference from the 

unillumina ted line. As is la ter discussed, this resul t is 

qualitatively the same as for the case of illuminating the 

entire half disk face. However, the magnitude and 
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sharpness are much larger. The results of this model are 

further discussed in the next subsection. 

The double sine distribution failed to reproduce 

the observed phenomenon. Instead, a double modula tion of 

the emission line appeared, characterized by strong 

redward excursions for ~ between 0 0 and 90 0 , and for 

between 90 0 and 1800 , with weakening at ~ = 900 • Similar 

blue results were obtained for the second half of the 

cycle. This is attributed to a double-lobed emission 

distribution, which strongly illuminates two separate 

portions of the disk surface. When the pole is oriented at 

900 , the portion of the disk receding (or approaching) is 

not a strongly illuminated as at a phase somewhat before 

or after this point. Thus the double modulation. This 

implies one of two possibilities: 

i) Absorption in the column is truly negligible, 

and the distribution is describable in terms of a simple 

cosine model. 

ii) The angle between the magnetic axis and the 

rotational pole is sufficiently small that the absorbed 

portion of the radiation pattern does not intersect the 

disk. For a single occurence, or perhaps for even two, 

this would be plausible. However, considering that this 

double-lobed effect is not seen in any of the four objects 
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presented in this work, this possibility becomes unlikely. 

Also, a double-peaked pa ttern would produce a double 

modulation in X-rays. This is also not seen. 

Without further constraint on the angle of the 

magnetic axis, it is impossible to choose between these 

two alternatives. However, for purposes here, it is not 

necessary. There.fore, since it does a fairly good job of 

reproducing the observed phenomenon, a discussion of the 

results of the simple cosine model shall now follow. 

The Cosine Distribution Model 

As was done for all of the functions, 8 rotational 

phase angle models were created, varying cP from 00 to 3150 

in steps of 450 • The resul t is shown in Fig. 29. 

There is a smooth sinusoidal variation from bottom 

to top of the central wavelength of the line. This is 

precisely what was observed in Chapter II for the four 

long period DQ Herculis objects studied in this work. The 

amplitude of the variations is about three angstroms, 

slightly larger than observed for the real objects (about 

1.0 - 1.5 angstroms). These models, however, were made 

assuming a system orbital inclination of 900 • The orbital 

inclinations for the observed systems were estimated at 

anywhere from 200 to 500 for V1223 Sgr and 3A0729+l03 and 
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Figure 29: Model emission lines for an entire rotational 
cycle of the white dwarf. 
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as.sumed in the same range for the remaining two objects 

(upper limit of 70 0 because no eclipses seen). When these 

values are applied to the rotating disk velocities, then 

the agreement between predicted and observed variation 

amplitudes becomes very good. 

Figure 29 shows that for all orientations of the 

X-ray pole other than 00 or 180 0 there is a secondary 

peak either to the blue or to the red. This is in addition 

to the periodic displacements of the mean wavelength. 

There is physical reason to believe that this may, in 

fact, be a real effect and not an artifact of the modeling 

program. If an X-ray emitting pole were to illuminate a 

dark disk, one with no intrinsic emission line light from 

accretion, then for certain orientations of the beam the 

reprocessed emission line would be strongly asymmetric 

around the central wavelength. At 900 and 2700 it would be 

totally to the red and to the blue sides respectively, as 

only the receding, then only the approaching, halves were 

illuminated. In either of these extremes it is plain that 

the peak would occur at a wavelength removed from the 

central by an amount on the order of a few angstroms, 

depending on the outer disk radius and the mass of the 

white dwarf. 
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Whether or not this effect would be visible 

depends on two other factors; a) the relative strength of 

reprocessed emission to normal disk emission and b) the 

natural azimuthal dependence the intrinsic disk emission 

line. In regard to point a), it may be pointed out that, 

while the effect was detectable (Chapter II), it appeared 

that the dominant disk emission line flux did not share 

the modula tion. 

Point b) is more difficult, due to the fact that 

some cataclysmic variables show single peaked lines, some 

show double, and others alternate between the two. It can 

be predicted that this effect, namely, the presence of a 

secondary peak, should be seen in strongly single peaked 

lines, and a variant, namely alternating peak strengths, 

should be seen in double peaked lines. These two 

alternatives shall henceforth be referred to as the first 

and second phenomena. 

Comparison with Observations 

In order to compare more directly the theoretical 

results with reality, 12 figures were created. Each figure 

shows a given emission line, taken from the data in 

Chapter II and binned into 8 subdivisions of the 

rotational period. Time advances in the upward direction. 
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Figs. 30 - 32 are plots of HS, Hy, and He II A4686 for 

V1223 Sgr. Figs. 33 - 35 represent the same for H22l5-086. 

Figs. 36 - 38 are 3A0729+l03, and lastly, Figs. 39 - 41 

are the emission lines of AD Psc. The data for each object 

is examined in turn. 

i) V1223 Sgr: A careful look at the H S line (Fig. 

30) reveals nothing significant. Not only can neither' of 

the phenomena described in the previous section be seen, 

it is not even possible to say that there is any variation 

present. In fairness it must be noted that the periodicity 

in V1223 Sgr presented in Chapter II was weakest in HS. 

(See Fig 9, Ch. II). At Hy, (F'ig. 31), however, there is 

ev.idence for a mov ing componen t, becom ing obv iously 

separa te to the blue a t the second phase from the bottom. 

An asymmetry then develops to the red side a half a period 

later, but no second component is clearly seen detached. 

Here one may be seeing a weak example of the first 

phenomenon. 

Examining Fig. 32, He II A4686, it is again not 

clear that any modulations are present. This is less 

easily explained than the absence in HS, since the 

periodicity was clearly seen in Chapter II in He II A4686 

for this object. However, as may be noted, the line itself 

is weaker than the hydrogen lines. 
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Figure 30: HS line binned by rotational phase for 
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Figure 31: Hy line binned by rotational phase for 
V1223 Sgr. 
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Figure 32: He II ~4686 line binned by rotational phase 
for V1223 Sgr. 
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Figure 33: HS line binned by rotational phase for 
H22lS-086. 
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Figure 35: He II A4686 line binned by rotational phase 
for H2215-086. 
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Figure 36: HS line binned by rotational phase for 
3A0729+103. 
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Figure 37: IIy line bi.nned by rotational phase for 
3A0729+103. 
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Figure 38: He II ~4686 line binned by rotational phase 
for 3A0729+103. 
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Figure 40: Hy line binned by rotational phase for 
AO Psc. 
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Figure 41: He II A4686 binned by rotational phase 
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i i) H 2 215 - 086 : In t his 0 b j e c tit is c 1 ear t ha t 

some anticipated rotational variations are happening in 

the hydrogen 1 ine s. (F igs. 33 & 34). In the top pha se for 

both HS and Hy a prominent blue peak may be noted, with 

corresponding asymmetries in the seventh and bottom phases 

in each case -- the two phases bracketing the top one in 

time. Additionally, the fourth and fifth phases from the 

bottom show noticeable asymmetries to the red, with hints 

of a red component in the fifth phase of each. Again, one 

may be seeing the first phenomenon noted before, namely, 

the presence of a secondary peak alternating to the red 

and to the blue. 

W hen H e I I A 4 6 8 6 i sex ami ned (F i g • '3 5 ), a n 

interesting and completely different phenomenon becomes 

readily apparent. Again, no peaks may be seen to the red 

or to the blue. However, careful examination reveals that 

the entire line is shifting -- something not seen in the 

hydrogen lines -- and in phase with the HS and H y side 

peaks. This may be a very strong example of the first 

phenomenon. It is logical that a high excitation line 

might more likely originate with reprocessed high energy 

flux. 

iii) 3A0729+l03: Figs. 36 & 37 represent the 

hydrogen lines of this star. The HS line is double peaked 
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throughout its cycle. Hence one looks for the second 

phenomenon -- alternating strengths of the red and blue 

peaks. It can be clearly seen that the red peak is 

strongest at the second phase from the bottom, and that 

the blue peak is strongest a half cycle later, at phase 

six. There is a smooth variation between the two. 

The HY line of this object, on the other hand, 

shows nothing plainly. There is a hint of a second, blue 

component at phase seven, roughly corresponding to blue 

maximum in HS, but there is nothing clear at the 

corresponding red maximum phase. In Chapter II, however, 

it was noted that another strong peak existed in the Hy 

power spectrum (Fig. 11, Ch. II). Hence, it may not be 

possible to clearly observe any phenomenon in this line. 

When one turns to Fig. 38, He II A4686, again no 

evidence of alternating secondary peaks is found. However, 

as for H221S-086, a careful examination again reveals that 

the entire line moves in phase with the cycle in H$. As 

before, this may be a strong example of the first 

phenomenon. 

iv) AO Psc: The data for this object were gathered 

using the 2.3m telescope rather than the MMT, and hence, 

with smaller aperture, they were much noisier. In 

addition, there were fewer spectra, and the binning turned 
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out to allo~ only the addition of two data points in some 

cases. As a result, nothing of either phenomenon can be 

seen in either of the hydrogen lines (Figs. 39 & 40). In 

He II ;\4686, however, careful exa mina tion again seems to 

indicate that the entire line is moving, being most to the 

blue at the fifth phase from the bottom and most red at 

the top and bottom. However, without evidence from H a or 

Hy to support it, this observation is less clear than 

those of H221S-086 and 3A0729+l03. 

C. Emission of Polarized Radiation 

Polarized Radiation from a Plasma Slab 

Chanmugam and Dulk (1981) considered the polarized 

radiation emitted by an isothermal, homogeneous, infinite 

slab of thickness 1 with an embedded magnetic field 

parallel to the surface. See Fig. 42. The radiation I(w,e) 

is emitted at frequency wand at an angle e with respect 

to the magnetic field. This model was motivated by the 

picture of the accr'etion column in AM Herculis binaries, 

for which the column thickness is approximately 106 cm. 

For this slab, both the amount of polarization and 

the the emergent intensity were calculated for the 4th 

through the 7th cyclotron harmonics, at an energy kT = 1 
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Figure 42: Diagram of plasma slab with parallel embedded 
magnetic field. 
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k e V. The res u 1 t s we rep lot ted a s a fun c t ion 0 f cos 8. See 

Figs. 43 and 44, adapted from Chanmugam and Dulk (1981). 

Likewise, Meggitt and VJickramasinghe (1982,1984) 

and VJickramasinghe and Meggitt (1985) considered similar 

models. In particular, emergent polarization and intensity 

were computed for differing values of cyclotron harmonic, 

temperature, and relative path length through the 

material. The results were essentially the same as those 

of Chanmugam and Dulk. 

Examining Fig. 43, it is evident that, although 

circular polarization does falloff with angle of view 

from vertical, this rate of fall-off is not the same for 

all harmonics. Instead, the fall-off is steeper fOF the 

lower harmonics. Indeed, the calculations of Chanmugam and 

Dulk, as well as Meggi tt and Wickramasinghe, showed this 

to be a universal trend among these models. The result is 

that as one views a radiating slab of plasma from varying 

angles, the amount of circular polarization will be seen 

to vary accordingl y. 

This model, most easily describable as a long, 

narrow column, was then applied to the AM Herculis 

systems by Chanmugam and Dulk (1981). It was motivated by 

the model of the accretion column above the shock front, 

where infalling gas follows only a relatively few 
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Figure 43: Circular polarization as a function of cos e 
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parallel field lines nearest to the magnetic pole toward 

the stellar surface. In this scenario, the diameter of the 

emitting region was much less than its height_ In regard 

to this application, it was found that the plasma slab 

model reproduced the observed phenomena of variable 

circular polarization and the linear polarization "pulse" 

qui te \.Jell. 

In the same paper, "another model was also put 

forth. This one (see Fig. 45) dealt instead with a thin, 

infinitely wide slab of plasma with a magnetic field 

perpendicular to it. This model may best be described as a 

pillbox or spot near the surface. Examples of the 

polarization and emergent intensity as functions of cos 

are shown in Figs. 46 and 47. 

In Fig. 47, one immediately notices that the 

intensity in~ases with increasing angle (e) from 

parallel to the magnetic field. At first glance one might 

expect this for the previous model, that of the long, 

narrow column, simply based on the fact that, at larger 

angles, the column presen ts a larger surface area to the 

view of an observer. However, this explanation fails 

completely when one considers the pillbox model. There, 

the opposite geometry is true, and one would expect the 

intensity to increase with smaller angles. The resolution 
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to this dilemma lies in the fact that one is dealing with 

cyclotron radia tion, which radia tes preferentially in the 

direction of motion of the electrons circling in the 

magnetic field, and thus ~~ tends to be beamed into 

the larger angles perpendicular to the field. 

Chanmugam and Dulk (1981) found that this second 

model did not reproduce the observed data from AM Herculis 

s ta rs. However, w hen one cons iders the mode 1 s for DQ 

Herculis objects, with large accretion spots (King and 

Shaviv, 1984) it at once becomes apparent that such a 

model should be considered in this instance. Certainly the 

X-ray observa tions indica te tha t the geometry is similar 

to the pillbox model, more so than the thin parallel slab 

model. 

It should be noted, however, that this pillbox 

model of Chanmugam and Dulk assumed a higher shock 

temperature than the other models. This is unlikely to be 

realistic for DQ Herculis stars, unless they have 

primaries considerably more massive than their AM Herculis 

counterparts. Also, the models of Meggitt and 

Wickramasinghe which most closely reproduced the curves of 

the pillbox model tended to have higher temperatures or 

lower harmonics. The latter is unlikely as well, since it 

implies that the magnetic fields of DQ Herculis stars are 
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stronger than those of AM Herculis stars. This is probably 

unreasonable, since the DQ Herculis binaries are not 

locked in synchronous rotation. 

There was a way to allow for both lower 

tempera tures and equal or higher harmonics, though. This 

was to increase the column densi ty through the rna terial. 

Given that in a DQ Herculis star the infalling material, 

and resultant cyclotron emitting region, is spread out 

over a much wider area, it is natural to first presume 

that, if. anything, the column density must be smaller 

instead of greater. There is, however, a possible answer 

to this dilemma. In an AM Herculis object, the material is 

confined for the most part to a narrow funnel, extending 

upward directly over the cyclotron emission region. For 

any values of e much greater than zero, the path of 

radiation will emerge out of the side of the gas stream 

into empty space. Therefore, for AM Herculis objects, one 

need only consider the length of path traveled very near 

the cyclotron region. 

In a DQ Herculis object, though, the situation in 

regard to the infalling gas is much different. Here, the 

gas threads onto magnetic field lines much closer to the 

primary, thus covering a larger number of lines and 

spreading the size of the funnel out over a much greater 
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area. See Fig. 48. Here it is possible for a given beam of 

radiation to be forced to traverse large quantities of 

material even at large values of e. Of course, the 

question still remains as to whether or not this infalling 

material is optically thick enough to polarized radiation 

to have much of an effect. If, for example, one considers 

electron scattering opacity (Berriman et al., 1985), an 

estima te may be made for the total optical depth through 

the infalling material. Now the optical depth is given by 

the formula "[ = N ·0 "I e e ' where Ne is the electron density, 

0e is the Thompson cross section, and 1 is the path 

length. For purposes here, the path length may be assumed 

to be of the order of one white dwarf radius, or 

approximately Ro/100. Inserting the appropriate values, in 

order to obtain an optical depth of unity, a density of 

approximately 10 15 cm- 3 is required. However, to 

effectively reduce polarization by electron scattering 

effects, an optical depth of around 100 is required, which 

implies a density of 10 17 cm- 3 instead. This, 

unfortunately, would put the effective photosphere at a 

sufficient height above the white dwarf that it would 

never be hidden by rotation, and thus the observed 

photometric modulations would not occur. In addition, 

using the formula M - 4'ITr2pvinf' where vinf is the infall 



H 
m 
.jJ 
Ul 

H 
<lJ 

::r:: 
()I 
Q 

Figur,e 48: Diagram illust:rating relative funnel sizes 
of AM Her and DQ Her stars, and comparative 
photon paths through the material. 
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veloci ty of rna terial on to the whi te dwarf (assumed to be 

around 103 km/s) and ~ is the accretion rate, it turns out 

that the accretion rate for these parameters is in the 

neighborhood of 10-4 Molyr, which is around four orders of 

magnitude too large. Therefore, a lower value of 1 is 

required, on the order of perhaps a tenth of a white dwarf 

radius. This would produce an optical depth of around 10 

for the same density, which ~ reduce the polarization 

sufficien tly to produce the observed values. In addi tion, 

bringing the height of the region closer to the white 

dwarf surface will notably reduce the estimated accretion 

rate, to values which might actually be expected in such 

systems. As for the actual electron density, Meggitt and 

Wickramasinghe (1984) estimated the post-shock values to 

be on the order of 1015 - 1017 cm- 3• Given that density 

changes by only a factor of 4 across a shock front, it is 

conceivable that in a small region just above the shock 

there would be sufficien t electron densi ty to produce an 

acceptable amount. of depolarization. Clearly, detailed 

modeling of the funnel radiation is required to explain 

the radia tion properties. 

It is therefore the purpose of the rest of this 

section to use the basic result of this model in an 

attempt to understand qualitatively a problem presented in 
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Chapter III, namely, how to produce large amounts of 

cyclotron radiation without large amounts of polarization. 

If this can be done, it is believed that there will be a 

ready answer to the puzzle of how a DQ Herculis star can 

exhibit large amplitude photometric variations, evidently 

coming from a hot spot on the stellar surface, and at the 

same time show low polarization and a cool spectrum. 

In order to do this, one may first examine the 

nature of the magnetic field spread out over the entire 

~mitting pole. In an AM Herculis star, this polar region 

may usually occupy an area of about 0.001 of the 

surface, which sub tends a cone of about 50 to 100 (from 

the center of the white dwarf). Over this small area, a 

dipole magnetic field, presumed perendicular to the 

surface in the center, will vary in direction by at most 

16 - 20°. (For a central dipole field inside a sphere, the 

angle y made by the field lines with respect to the 

surface at a co-latitude of 1jJ is given by the expression 

y = tan-l (0.5·tan 1jJ) (Jackson, 1975» Compare this with 

the situation in a DQ Herculis star. In these objects, 

the po la r spo t sub tends a much la rger a rea, up to 0.10 to 

0.25 of the white dwarf surface -- if it is a continuous 

region and not merely a thin ring. There is theoretical 

evidence, though, that this spot may in fact have an 
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annular shape (Lamb, 1985), with its inner and outer radii 

determined by which field lines actually thread matter 

onto themselves and channel it down to the degenerate 

surface. Ring or spot, the area would nonetheless subtend 

an angle of possibly as much as l20 0 ! Now it is possible 

to see that a dipolar magnetic field, instead of varying 

in direction by a mere 200 , can cover a range of values 

spanning a full 1800 to 2400 • Of course, if the variations 

were as small as 180 0 the effect would still be expected 

to be quite large, which require subtending an angle of 

only 1100 • The work of King and Shaviv requires the angle 

to be at least 900 , and probably larger. 

Now all of the modeling performed by Chanmugam and 

Dulk and by Meggitt and Wickramasinghe showed that the 

percentage of circular polarization emitted dropped with 

increasing angle from parallel to the field. This drop was 

even more dramatic in the models proposed with the pillbox 

geometry. Therefore, given a large accreting polar cap 

with a widely varying magnetic field direction, the 

question becomes: Is it possible, given a particular 

viewing angle of the pole, that large amounts of 

radiation will come from regions where the view is far 

from parallel to the field and reduce the overall 

polarization through dilution? And a related question is: 
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If possible, can this be accomplished over a wide range of 

viewing angles and still allow a large amplitude of 

variation in the photometric intensity? 

In order to ~xplore all of the possibilities in 

question, a crude modeling program was developed which 

calculates the total emergent polarization for given 

angles of view fr.om the center of the cap. The inner and 

outer angular limits from the pole for the edges of an 

emitting annulus are also provided. The pattern of 

polarization with respect to angle from parallel to the 

field is given in an adjustable function. The following 

subsection describes the program, and the next subsection 

after that gives the results of the calculations. 

The Modeling Program 

To begin with, several relevant variables are 

defined as follows and shown in Fig. 49. X is the angle 

from the magnetic polar axi~ to the line-of-sight to 

Ear t h. 1jJm a xis de fin e d a s the 0 pen in g a n g Ie, 0 r the a n g I e 

subtended by the outer radius of the cap. (Note that this 

"opening angle" is half of the full angle subtended by the 

ring mentioned earlier. The arguments of King and Shaviv 

that the angle sub tended must be at least 90 0 require this 

a n g Ie 1jJm a x to be a tIe a s t 45 0 .) 1jJ i s the an g 1 e fro m the 
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polar axis to a particular ring of emitting material; it 

is the co-latitude of the ring. And, as mentioned earlier, 

the angle y made by the field lines with respect to the 

surface at a given co-latitude is given by the expression 

y = tan- l (0.S·tan(1/J» (Jackson, 1975). This means that 

the total angle a. made by the field lines wi th respect to 

the pol e i s jus t a. = 1/J + y, 0 r a. = 1/J + tan -1 ( 0. 5 • tan (1/J ) ) • 

Next, n is defined as the azimuthal angle along a 

given ring. Let n = 0 correspond to the azimuth 

intersecting Earth, the pole, and the stellar center along 

a ring of angular radius 1/J. n is varied from 00 to 3600 , 

while 1/J goes from the inner edge of the ring (1/Jmin) to the 

out e r (1/J m a x ). See Fig. 4 9, s how in g sid e and fro n t vie w s 0 f 

a magnetic white dwarf with an accreting ring. 

In order to actually compute the total 

polarization observed, the annulus is broken up into a 

grid describable in terms of the spherical polar 

coordinates 1/J and n. At each point, the percentage of 

polarization is computed and the appropriate amount of 

polarized light added to the proper bin. The proper 

amounts of unpolarized light are likewise added to another 

bin. This is all done as follows. 

In the system, there are assumed to be two main 

sources of emission, (cyclotron) 
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(non-cyclotron). Further, a fraction f of Icyc is 

polarized, which yields Ipol = f·I cyc • Thus, the total 

polarization percentage V may be written as 

V = :~~~:~:=r= = 
l00·Ipol --------

Inc+Icyc 

Icyc is input as a percentage of total light at 

the beginning, and relative Inc is calculated from that. 

At each point in the grid f (which is f(1jJ,n)) is computed 

and the local Ipol given as the result. It is this Ipol 

that is added to the polarized radiation bin, and Inc+Icyc 

which is added to the total system light bin. When all 

points have been added, the final V is computed with the 

above equation. This is the net polarization seen. 

The ring thickness is input as a variable, and the 

inne r radi us compu ted fro m tha t. T he in ten si ty fro m the 

inner radius to the outer was assumed to be a smoothly 

varying gaussian, being most intense in the middle and 

going to zero at the inner and- duter edges. 

Now it is necessary to compute e, the actual angle 

between the line-of-sight and the instantaneous field 

direction, for each point (1jJ,n) on the annulus. To do 

this, spherical trigonometry is used. Consider the sphere 

defined by the white dwarf primary. Now the plane 
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intersecting the center of the star, Earth, and the 

magnetic pole, along which the angle X is defined, is a 

great circle. Now consider a parcel of gas along a ring of 

radius~. Another plane may be defined including the pole, 

center, and this point, which also makes a great circle. 

since the magnetic field lines are not perpendicular to 

the surface, but iriclined at an angle y, which is also in 

this same plane just defined, one may instead consider a 

1 a r g err in g 0 f r a diu s ~ + y (= a), ins tea d 0 f t he sma 11 e r 

one •. Now consider a third plane, one containing the center 

of the star, Earth, and the point on the ring defined.by 

the angles a and r2. Since this also defines a grea t 

circle, there are three sides defined which make up a 

spherical triangle. And the length of the last side 

defined is simplye, the angle sought. See Fig. 50. 

Since the inner angle on the side opposi te e is r2, 

there is a relation between the sides of the spherical 

triangle, X, a, and 8, and the inner angle r2. It is simply 

given by: 

cos 8 = cosX·coso. + sinx·sino.·cosr2. 

Thus armed with an expression for 8, it is now possible to 

compute the total polarization emitted by a cap. 
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Figure 50: Diagram of white dwarf showing surface 
spherical triangles used to derive 
equation for 8. 
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Two other minor factors were also taken into 

considera tiona The first was to ignore the contributions 

from any unseen portions of the cap beyond the horizon of 

the star. Implicit to this detail is including the effect 

of reduced illumination from a cap not aimed directly at 

the vie wer. The second wa s tha t the ac tua 1 po1.a r i za ti on 

function pee) had to be given as a function of cos e and a 

cutoff angle (see Fig. 45). These were specified in the 

beginning of the program. 

The actual program involved an iterative procedure 

in both the angles tjJ and 51. As was mentioned, the 

emitting annulus was broken up into a gridwork of 100 

concentric rings and 360 angular slices. For each value of 

tjJ , the program stepped through the full 360 values of 51, 

and a t each point the value of tjJ was computed as described 

above and the resultant fractional p~larization 

calculated. Then the values of Icyc and Inc were derived 

from this and added into appropriate variables. When the 

entire annulus was covered, the overall percentage of 

cyclotron radiation was computed from the overall amounts 

of total radiation and of cyclotron radiation. This was 

output as the result. Variables which had to be specified 

each time included the percentage of light which was 

cyclotron, the orientation of the magnetic pole (X), the 
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angular size of the inner and outer radii of the pole, and 

the nature of the polarization function. 

As a test, the program was altered to double the 

number of iterative steps, i.e. halve the stepsize in both 

1/J and n. The resulting difference from the original 

program was negligible, indicating that a gridwork of 100 

rings by 360 slices will provide sufficient accuracy for 

this modeling. 

Resul ts 

For this work, a form of the polarization function 

was chosen to correspond to the lowest harmonic in Fig. 

45. The reasoning for this choice is simple: Chanmugam and 

Du1k (1981) found that the 5th harmonic gave the best 

results for the AM Herculis stars. It is unlikely that 

much higher harmonics are involved in DQ Herculis objects. 

Higher harmonics require higher temperatures for 

excitation. There is no reason to assume that DQ Herculis 

funnels are orders of magnitude hotter than those found in 

AM Herculis objects. Thus the arbitrary choice of the 6th 

harmonic in Figs. 46 and 47, corresponding to around 10 7 

gauss. 

This having been made, attention was now turned to 

the other variables. Chiefly, these included the 
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percentage of cyclotron radiation c.f. total radiation, 

the thickness (in degrees) of the accreting ring, and the 

outer ring radius. For each choice, several model 

calculations were performed, varying the angle of view 

from direct to being offset to the point where the ring 

edge touched the stellar horizon. Further offsets were 

ignored on the ground that an equal but oppositely 

polarized ring at the opposite pole would come into view 

at this point. Observations indicate that these objects 

exhibit a one-pole geometry (although modest contributions 

from a second pole cannot be ruled out). For each model, 

both polarization and photometric percentage of cyclotron 

light were calculated and displayed. See Table 5, listing 

the parameters and resul ts for some of the relevan t 

models. 

One particular group of models, in particular 

those with a thin ring and having a large outer radius, 

proved to be completely unacceptable. The reasoning was 

quit~ simple: over a wide range of viewing angles, the 

polarization varied widely in a manner too large compared 

with the data from any studied object. This was true 

regardless of how the other parameters were changed. Even 

the polarization function was changed, to no avail. The 
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Table 5. Parameters and results for accretion 
column polarization models. 

Polarization 
Min. Avg. Max. 

40 40 0.00 1. 01 2.02 

35 35 0.02 0.47 0.91 

60 35 0.29 0.47 0.65 

35 60 0.06 0.82 1. 57 

60 60 0.50 0.85 1.19 

60 30 0.24 0.39 0.55 
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conclusion was clear; the accreting ring is at least 

partially filled in all the way to the pole. 

To simplify the choices for the remaining 

modeling, the models were first divided into four basic 

groups, according to 1) the cyclotron light percentage 

(Icyc ) vis-a-vis t~e total light emitted (I cyc + Inc) and 

a 1 so 2) the s i z e 0 f the cap (1/Jm a x ). The d i vis ion s we rea s 

follows: 1) Small percentage (~4ro), small cap (1/J max 

~4roO). 2) Small percentage, large cap (1/Jmax~6roO). 3) Large 

percentage (~6ro),· small cap. 4) Large percentage, large 

cap. Interesting interpolations of these basic groups were 

to be individually tested. The results are as follows, for 

each group. 

1) Small percentage, small cap: In general, the 

photometric modulations turned out to be around 210%, 

within the limits imposed by the average of the 

fluctuations. However, the polarization was still seen to 

vary to a fairly wide degree. This result, it may be 

pointed out, is most like the case of the AM Herculis 

objects. 

2) Small percentage, large cap: The polarization, 

in this case, remained more reasonably constant, wi th an 

average of around 10.47%. Observations show a similar 

value, within limits imposed by error bars. The 
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photometric modulations were around 30%, which is also 

within observational limits. Overall, this model 

reproduces the observed data fairly well. 

3) Large percentage, small cap: Here, as in case 

1, the polarization varied tremendously, by up to a factor 

of 25. This is not seen in any of the objects, and makes 

this model unlikely. Photometric modulations are also 

high, a t over 40%. 

4) Large percentage, large cap: As in case 2, the 

polarization remained reasonably constant. This time, it 

averaged around 0.8%. The photometric modulations were 

around 20%. This model gives the next best results after 

the second combination above. 

Another model was then tried, using a very low 

(relatively) value of the cyclotron percentage (30) and a 

large cap (~max=600). The results here were: Polarization 

average - 0.39%. Photometric modulations - 22%. This is 

very close to the observed values for 3A0729+103. 

In general, it may be said from this portion of 

this work that it appears that a large spread in magnetic 

field angles may successfully dilute the circular 

polarization present from an accreting magnetic pole of 

sufficient width. This "pole" cannot be a thin ring; only 

a fairly thick ring (or a solid cap) will work. However, 
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only a relatively small amount of the total light emission 

(around 30%) need come from the cyclotron region around 

the cap in order to reproduce the observed photometric 

modulations. The fact that the only workable solutions 

required a fairly large overall polar cap area should not 

be surprising in view of the work of King and Shaviv, 

which requires from observation that the angle X be at 

least 45 0 • Finally, the physical depth to the actual 

emitting region mus~ be quite large. Whether this is 

accomplished by hiding the cyclotron region behind a very 

wide, spread-out accreting funnel or by other means cannot 

yet be determined. 

D. Conclusion 

The Rotation-Illumination Model 

The proposed rota tion-illumina tion model appears 

to explain adequately the coherent wavelength modulations 
\ 

seen in long period DQ Herculis stars. In addi tion to 

reproducing the amplitude and shape of the variations, it 

predicts yet another phenomenon, namely, the existence of 

variable secondary peaks to the red and to the blue, due 

to the strength and sharpness of the illuminated portion 

in the wing. Examination of data from four of these 

objects reveals that this is actually observed to occur. 
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One significant result of this work deals with the 

distribution of X-rays from the emitting pole. The models 

suggest tha t the pa ttern of radia tion impinging upon the 

disk must be single-lobed -- twin peaks in the pattern 

give rise to a double modulation in wavelength, a 

phenomenon not seen in either the raw data or the power 

spectra of any of the observed objects. This implies that 

absorption by the accreting column, if any, affects only a 

relatively narrow region close to the magnetic axis, and, 

at least in the observed objects, has little, if any, 

effect upon the disk irradiation. 

Another point of interest is the behavior of the 

He II 4686 line in two, possibly three, of the observed 

objects. Whereas the peak of the hydrogen lines never 

moves in any of the objects, the same is not true of He 

II. The obvious implication is that the fraction of the 

helium line composed of radiation stimulated by the X-ray 

emitting pole is much higher. Given that the ionization 

potential for helium is greater than that of hydrogen, 

this only makes sense if one assumes that the original, 

unilluminated disk emits much less in He II A4686 than in 

the hydrogen lines. This idea lends' credence to the 

suggestion made in Chapter II that the inner disk region 

in long period DQ Herculis stars does not exist, having 
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been disrupted by the magnetic field of the primary. The 

inner disk, where muc h more energy is 1 i bera ted, is 

believed to be the source of He II and other high

excitation lines. The absence of such lines when no 

illuminating radiation is present suggests the absence of 

the inner disk. 

Emission of Polarized Radiation 

The problem of producing large amounts of non

blackbody emission without producing large amounts of 

circular polariza tion is apparen tly solved. A large 

emitting cap on the surface of a white dwarf will contain 

a large variety of magnetic field directions, and thus 

while some sections of it will be highly polarized, others 

will show very little. The net result is small overall 

polarization, as exhibited by the objects observed. 

At the same time, this modeling also shows that a 

thin emitting ring will not suffice. Large variations in 

polarization are produced, variations not seen in any of 

the observed objects. A thick ring, however, with some 

emission coming from the regions at the pole itself, will 

reproduce the observed results. The emitting area must be 

fairly large, yet not so huge as to mask the effects of 

the photometric modulations. The best results are obtained 
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for a pole with an opening angle of 50 0 - 600 , and with 

the cyclotron funnel producing about 30% of the total 

system light. 

This modeling does not by any means rule out other 

explanations for the observed phenomena. Rather, it simply 

offers one possibility which seems to work. The advantages 

of this model are simply that it does not require 

introducing new physics or new parameters into the 

systems. Instead, new interpretations are drawn from 

already existing models of DQ Herculis systems. 

Overall Implications 

One of the most significant aspects of this work 

is the fact that the models developed were based on 

observa tions and already existing models for AM Herculis 

and DQ Hercul is ob j ec ts. No thing ne w was added. The 

magnetic rotator model for DQ Herculis stars in general 

has been immeasurably strengthened, not only by the 

discovery of circular polarization, but by the fact that 

both the phenomena in Chapter II and in Chapter III can be 

readily explained by invoking and refining it -- and not 

adding to it. The interpretation of the X-ray light 

curves, by King and Shaviv (1984), that the emitting 

surface of the magnetic degenera te polar region is qui te 
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large is now seen to fit directly in with the lack of 

observed circular polarization in most of these objects, 

and the very low value observed for 3A0729+l03 and the 

possible, but still very low, value for H221S-086. In 

short, it is a conclusion of this work, in general, that 

the simple magnetic rotator model for DQ Herculis stars 

has been demonstrated beyond reasonable doubt, and future 

investigators should no longer consider such models as 

pulsating white dwarfs or orbiting lumps in the accretion 

disk. This last statement by no means applies to the 

quasi-periodic behavior seen in many dwarf novae. In the 

case of those objects, there is no evidence for a magnetic 

rotator, and the "orbiting blob" model is probably closer 

to the truth. These are not, it is to be repeated, DQ 

Herculis stars. 



V. SUMMARY 

A. Observational Data 

Spectroscopy 

Coherent wavelength variations have been 

discovered in four long period DQ Herculis objects; V1223 

Sgr, H221S-086, 3A0729+l03, and AO Psc. In each case the 

variations, measured for three emission lines, HS, Hy, and 

He II A.4686, are the same, within measurement limits, as 

the published photometric periods associated with the 

rotation of the white dwarf. 

Polarimetry 

Overall positive circular polarization has been 

discovered in the long period DQ Herculis star 3A0729+103, 

wi th a value of -0.239 + 0.030%. This is an 8 cr resul t, and 

certainly significant. It represents the first definite 

positive detection of circular polarization in such an 

object. Additionally, a possible detection has been made 

for the object H22lS-086, with a value of 0.064 + 0.024%. 

Whereas certainly not as significant as the result for 

3A0729+103, it is at least of the same order of importance 
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as the tentative results for DQ Her itself (Swedlund 

et al., 1974). 

At the same time, however, the search for periodic 

variations in polarization proved unfruitful. Whereas the 

AM Herculis binaries are strongly modulated in circular 

pol a r i z a t ion, the sam e i s e v ide n t I y not t h.<a cas e for the 

DQ Herculis class. If there is indeed modulation, it 

exists at a level beneath the limits of detectability of 

the instruments employed in this research. 

B. Interpretation 

The Accretion Disk 

Given a rotating disk, along with an alternatively 

redshifted and blueshifted spectrum, the natural 

interpretation is that different portions of the disk are 

being illuminated, probably by a source of high-energy 

radiation which is rotating with the white dwarf. Given 

the stability of the photometric periodicity, plus the 

detection of circular polarization in one of these objects 

and possibly in a second, the natural explanation is a 

magnetic white dwarf, emitting X-radiation from an 

accreting magnetic funnel. This model has been examined 

(Chapter IV), and found adequate. 
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At the same time, however, it must be stressed 

that the evidence does not support the idea that the 

photometric variations are due to reprocessed radiation 

from the disk -- at least most of the time. The large 

amplitude of the modulations in two of these objects, 

coupled with the detection of circular polarization, 

and the observed fact that the X-ray emission is generally 

in phase with the optical, suggest a direct origin for the 

modulated light, and not a disk origin. This is further 

supported by the understanding that reprocessing occurs 

primarily in the emission lines, and not in the continuum. 

The modulations, on the other hand, occur in the continuum 

and not in the lines. 

The narrowness of the emission lines, coupled with 

the observation that there appears to be very little, if 

any, He II A4686 produced by means other than reprocessing 

X-rays from the accretion spot, leads to the suggestion 

that the inner portion of the disk is missing. This is 

understandable in view of the presence of a strong 

magnetic field, which would disrupt those portions of the 

disk and funnel the material directly down the field 

lines. 
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The Accretion Funnel 

Recent work (King and Shaviv, 1985), has suggested 

that the accretion funnels of DQ Herculis stars are quite 

large -- on the order of 0.10 to 0.25 of the total 

surface area per spot compared with AM Herculis 

objects. This has been based upon observational fact, from 

the sinusoidal nature of the X-ray light curves. At the 

same time it has been inferred, (King, 1985), that such a 

large cap would effectively lower the overall amount of 

pola r i za t ion seen fro m these ob j ec ts. In th i s work, tha t 

la tter hypothesis was seriously investiga ted, inspired by 

the observed facts from at least two of these objects. 

These facts are; large amplitude modulations, evidently 

coming from the accreting spot and not the disk, a 

relatively cool spectrum, indicative of a non-blackbody 

origin for the light, and very low amounts of circular 

polarization. The first and second facts indicated a large 

amount of cyclotron emission, while the third seemingly 

denied it. However, the idea tha t a large polar cap could 

mask much of the polarization was investigated (Chapter 

IV), and found to work more than adequately. Thus it is 

possible that the three facts listed above do not form a 

paradox, but rather, form a normal DQ Herculis system. 



168 

C. Conclusions 

As a resul t of this work, answers may be genera ted 

for the three questions posed in the beginning chapter of 

this dissertation. The three questions, respectively, 

asked what the true source of the photometric pulsations 

seen in DQ Herculis systems is, whether or not the white 

dwarf is truly magnetic, and whether or not there really 

is an accretion disk. Each question will now be examined 

in turn. 

In regard to the question of a rotating white 

dwarf with a hot spot on its surface as opposed to a 

pulsating, ZZ ceti type primary, the evidence offered by 

the discovery of coherent wavelength variations tends to 

strongly favor the former. The observed phenomenon implies 

an alternate viewing of emitting material which is moving 

either rapidly toward the observer or away from him. This 

is easily explainable in terms of a rota ting searchlight 

of X-rays attached to a white dwarf, whereas no ready 

explanation follows from the ZZ Ceti model. Therefore, it 

is assumed, on the basis of this work, that the source of 

photometric modula tions really is a rota ting hot spot on 

the surface of the primary, and not a pulsating or 

otherwise variable star. 
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The existence of a magnetic primary in AM Hercu1is 

systems has long been well established on the basis of the 

detection of circular polarization from those objects. 

until now, the same could not be said of DQ Herculis 

stars. Again, however, this work has provided a heretofore 

unobtained answer in tha t circular polariza tion has 

'finally been definitely detected from a DQ Herculis star. 

So the proposed answer to the second question is yes, 

there is indeed a magnetic primary in these systems. 

Lastly, a word must be said concerning the 

existence of an accretion disk in these systems. This 

question is probably the most difficult to obtain a 

definite answer to, and indeed, it is still the most 

uncertain of the three questions. But it is the conclusion 

of this work that a disk is likely to exist in these 

systems, for the following reason: The strongest 

variations in the wavelength of the emission lines occurs 

with the orbital period of the system, and not with the 

white dwarf rotational period. This implies a large region 

of emission, completely surrounding the primary, and 

moving chiefly about the center-of-mass of the system. A 

disk is the simplest concept which fits this description. 

Although there is a model which would allow for the 

detection of the rotational modulation of the emission 
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lines, namely that they are coming from the hot gas 

falling down an accretion funnel in a diskless system, 

this explanation requires only one pole to be actively 

accreting, else each parcel of redshifted gas would be 

equally counterbalanced by a parcel of blueshifted gas, 

and no net shifting would be seen. However, one would 

expect, in this model, that the chief modulations would be 

on the rotational cycle of the white dwarf, and not on the 

orbital cycle. 

So in final conclusion it may be said that the 

chief results of this work have been the strengthening of 

the magnetic rotator model for long period DQ Herculis 

stars, and by association their more rapid cousins as 

well. Strong evidence now exists for a) a rotating hot 

spot on the surface and b) a magnetic field capable of 

channeling material to a pole and producing precisely such 

a spot. Thus it is concluded that DQ Herculis objects are 

indeed magnetic rotators, and not systems containing a 

pulsating white dwarf or orbiting blobs of gas. 
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