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ABSTRACT 

An explanation of the emission line behavior in cataclysmic 

variables has been among the most important and elusive problems in 

eruptive star research. This work expands accretion diskchromosphere 

models of line emission to predict line behavior qualitatively. 

A search for UX UMa-like thick disk cataclysmics in the 

Palomar Green survey sample gave space densities consistent only with 

1 uminous high accretion rate disks: M l10- 7•OMe/yr. Instead, 20 

composites whose combined energy distributions were "flat", F avO, 
v 

were discovered. These typically were early K dwarfs paired with 

30,000K subdwarf 0 stars. The study also showed that a substantial 

fraction of subdwarf 0 and B stars are bin~ry. 

The detached eclipsing binary BE UMa showed a reflection 

effect emission line spectrum due to the close 7Re separation 

between an EUV-emitting subdwarf 0 star and an Ml-5 dwarf. Analysis 

gave the hot star physical parameters as: 80,000K ~ Tp(K) ~ 100,000, 

7.0 ~ log gp ~ 8.0, and log (He/H) = 1.0 ± 1.0. 

The BE UMa optical emission line spectrum was modeled using a 

quantitative photoionization-recombination stellar atmosphere-like 

code. A rich high excitation continuum fluorescence and 

recombinational spectrum including Hell A4686 and CIII A4650 was 

formed at lower optical depths correspondi ng to ne ~ 1013.5cm-3 and 

x 



Te = 20,000K. The model suggests that Tp = 100,000~ 
Cataclysmic variables too have a central source due to loss 

of half the accretion energy at the white dwarf surface. This 

temperature is no higher than the innermost disk regions; hence, mass 

accretion rates determine the character of the EUV radiation. 

Observations of 13 cataclysmics representing most types were 

obtained. From these data, the H, Hel, Hell, Call, and high excita-

tion metal emission line behavior in cataclysmics were analyzed. 

Cataclysmic variable accretion rates were shown to follow a sequence; 

from the low excitation dwarf novae [10-9•5 ~ M(Me/yr) ~ 10-8•5J to 

the high excitation novae and nova-like systems [10-8•5 < M(Me/yr) ~ 

10-6•5J. Predicted line profiles were consistent with observations. 

Thus, the model accounts well for the considered observations. 

xi 



CHAPTER I 

INTRODUCTION 

While the term "cataclysmic variable" (CV) loosely applies to 

such diverse types as P Cygni stars and symbiotics, the prevalent 

group members are binary systems wherein a degenerate star's Roche 

lobe reaches the secondary star surface. In investigating the 

eruptions of novae, Crawford and Kraft (1956) suggested that mass 

transfer from a non-degenerate "secondary" star to a degenerate 

"pri mary" mi ght be the causal agent. The current accepted vi ew is 

that the secondary fi 11 s its own Roche lobe and loses mass to the 

white dwarf (c.f. Warner 1976) which may eventually undergo a 

thermonuclear runaway--the nova eruption (dwarf novae probably 

transfer mass too slowly for a thermonuclear runaway to occur). The 

infalling mass conserves angular momentum by forming an accretion 

disk before being deposited on the white dwarf. The emission lines 

in cataclysmic variables are produced in the neighborhood of the 

accretion disks. However, the physical mechanism responsible for 

emission line production has remained a mystery. This thesis 

proposes that the mechanisms producing emission lines in cataclysmic 

variable accretion disks and certain types of detached binary stars 

are similar. 

A new class of binary stars is introduced in Chapter II. 
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These are each a subdwarf 0 or white dwarf of about 30,000K paired 

with a mid-K dwarf secondary of undetermined metallicity. The 

periods of these stars are unknown; however, such a system could 

evolve into a CV if the binary period is less than 1.5 days. All 

observations are presented. For nineteen of these stars, energy 

distributions were obtained that allowed an accurate deconvolution of 

the binary components. In addition to discovery of a new class of 

binary stars, estimates of the volume density and mass accretion 

rates of the most luminous accretion disk cataclysmics are given. 

Uncomplicated by accretion disks or other mass transfer 

effects, the detached binary BE UMa provides a 1 aboratory to study 

the effects of EUV radiation impinging on a stellar atmosphere. The 

system primary is an 80,000-lOO,OOOK subdwarf or white dwarf star 

about seven solar radii from a dwarf M star. The primary EUV 

radiation incident upon the facing secondary hemisphere is 

reprocessed into a spectacular optical emission line spectrum. The 

eclipsing nature of BE UMa serendipitously allows determination of 

component sizes and temperatures. Chapter III reviews previous work 

and presents new observations. With the character of the primary 

radiation incident at the secondary determined, a quantitative model 

reproducing much of the reprocessed component behavior is presented 

and compared with observations. 

Chapter IV makes qualitative arguments supporting the theory 

that, as with BE UMa, cataclysmic variable emission lines are 

produced by EUV radiation; in this case, the sites of emission line 
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formation are identified as the faces of accretion disks. 

Preparatory to this discussion, an introduction to cataclysmic 

variables is given with emphasis on emission line behavior and a set 

of observations of disk castaclysmi cs is presented for com pari son 

with emission line formation theory predictions. 

Chapter V is a summary of thesis results. 



CHAPTER I I 

A SEARCH FOR THICK DISK CATACLYSMICS: THE DISCOVERY OF A NEW 
CLASS OF BINARIES THAT MAY BE THE CATACLYSMIC PROGENITORS 

A. Introduction 

Some 19 new cataclysmic variable-like stars--objects showing 

emission line spectra characteristic of novae, dwarf novae, and other 

CV types--were discovered from the Palomar Green (PG) survey (Green, 

Ferguson, Liebert, and Schmidt 1982). Since the PG survey is 

complete to B i 16.2 for objects showing ultraviolet excesses U-B i -

0.4 for 1/4 of the sky at high galactic latitude, the sample presents 

the opportunity to estimate the number densities of CVs as well as 

other classes of objects. Indeed, this has already been attempted 

for the emission line CV list (Green, Ferguson, Liebert, and Schmidt 

1982) by Patterson (1982). 

One problem that concerned us with using the CV sample in 

this way was that there was reason to doubt that it was complete. 

While mo~t CVs show moderate-to-strong emission line spectra most of 

the time, the UX UMa stars and some of the Z Cam subclass of dwarf 

novae spend either all or a very large fraction of their lifetimes in 

an optically thick "outburst" state characterized by weak, broad 

hydrogen absorption lines, a flat optical energy distribution (F~ 

vO ) and we a k 0 r no em iss ion 1 i n e s ( at 1 e a s tat low s p e c t r a 1 

4 
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resolution}. Three of these CVs were cataloged as tenth magnitude 

stars: CO-42 014462, BO-7 0 3007, and CPO-48 01577 before they were 

discovered to be CV-related objects (by Cowley, Crampton, and Hesser 

1977; Cowley and MacConnell 1972; and Bohnhardt et al. 1982, 

respectively). These examples suggested the possibil ity that there 

could be numerous, predominantly absorption line CVs in the PG 

catalog of over 1800 blue objects. Many such objects might have been 

categorized with the hot subdwarfs (sdB, sdO), the dominant group of 

PG objects, and with white dwarfs because the initial spectral 

classifications were done at low resolution with spectra of highly 

variable quality. On the other hand, the three bright CVs listed in 

above lie at rather low galactic latitude. Should they turn out to 

be more luminous, distant members of the galactic disk population 

(i.e. at low vertical disk scale height), rather fewer of their 

fainter counterparts might be found by looking farther out toward the 

galactic polar caps. 

In order to determine whether such thick-disk absorption 

spectrum CVs were important contributors to the PG sample and the CV 

space density, a program of identifying these objects from the large 

list of subdwarfs and other objects having doubtful spectral 

classifications was initiated (the white dwarfs were already targeted 

for energy distribution measurements and follow-up spectroscopy in 

another program). Since accret ion di sks are characteri zed by 

approximately power law energy distributions, they generally show 

strong ultraviolet excesses and flatter overall energy distributions 
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than stars of similar B-V colors. Hence, the followup search 

technique began with observing a large subset of the subdwarf and 

"doubtful spectrum II 1 ists to determi ne whether they showed stell ar or 

power law-like colors. This technique and the selection of 

candidates is discussed in the next section. More detailed energy 

distributions, including IUE satellite ultraviolet observations and 

higher resolution optical spectra, were obtained for the most 

promising candidates. The result, however, was t,he discovery of a 

completely different group of stars--detached binaries where the 

contributions of a "hot" primary component and a "cool" secondary 

added to produce an approximately "flat" composite spectrum. This 

detached bi nary ; nterpretat i on is pursued ; n Sect ion B. The 

impl ications of these results (Section C) are twofold: (1) very few 

thick-disk CVs were found as discussed in the last section and (2) a 

substantial fraction of the PG catalog subdwarfs are binary. Some of 

these could be progenitors to the cataclysmic variables, depending on 

the orbital periods which remain to be determined. 

B. The Observational Search for CVs and Possible Progenitors 

The Initial Object Selection 

A classification survey had already been performed by Green, 

Schmidt, and Liebert (1983) so that SIT classification spectra were 

available for a magnitude-limited sample (Bpg = 16m.2) of ultraviolet 

excess (U-B i -0.4) objects covering a large region surrounding the 

galactic north pole (b L 300 ) and a smaller region in the southern 

galactic hemisphere. To select a sample of optically thick disk 
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candidates, we searched among th~ hot "subdwarfs" of the survey for 

objects with moderate temperature absorption spectra in the range of 

apparent surface gravities between (but not including) horizontal 

branch and white dwarfs but with non-thermal colors. Mostly, the 

ul travi 01 et excess sampl e stars in the spectral range of interest 

showed moderate to strong hydrogen Ba1 mer absorpt ion 1 i ne spect rae 

Some gave weak HeJ absorption, and a few displayed Hell absorption. 

Many other obj ects with U-B colors near the red cut-off of the PG 

survey (U-B ~ 0.3) showed Call Hand K absorption. Although a very 

few cataclysmic variables such as GI Mon (Williams 1982b) show very 

strong Call lines, most do not. Therefore, stars with detectable 

Call K in the SIT spectra were not included in the photoelectric 

photometry sample. These were presumably all spectroscopic subdwarf 

F and G stars for this sample at high galactic latitude objects. In 

order not to reject any possible candidate objects, it was decided to 

study all the H, HeI, and Hell absorption line stars so long as Call 

remained undetected or of only marginal strength in their spectra at 

lOA reso1 ut ion. 

Observ at ions 

Photoelectric colors were obtained of all the He absorption 

stars and about half the H absorption objects, 233 stars. 

Observations were made during 9 nights in late April and early May, 

1981. The No. 2 36" KPNO telescope and the three channel photometer 

were used. U, B, V, and I band filters were selected to maximize 
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wavel ength coverage in an attempt to fi nd obj ects with power 1 aw 

rather than thermal colors. The U and B fi 1 ters fronted S-20 

photomultiplier tubes while a GaAs photomultiplier was alternated 

between V and I band use. Most observation nights were cloudy, from 

thin and patchy to quite thick; thus, the magnitudes are not 

accurate. However, since the KPNO 3-channel photometer permits 

simultaneous measurement of three colors, pairs of (U-B), (B-V), and 

(U-B), (B-1) colors accurate to 2-3% were obtained. Nineteen of the 

stars were found to have colors lyi ng near the bl ack body 1 i ne ina 

region frequented by cataclysmics and a few stars argued by 

Greenstein (1966) to be composite detached binaries with more normal 

colors except for red excesses (Figure 1). Table 1 is a summary of 

all observations while Table 2 gives the photometry results. 

Follow-up energy distributions covering AA3000-9000 at higher 

resolution were obtained for these nineteen blackbody-like objects as 

well as for a few stars whose (original) SIT spectra suggested energy 

distributions with F a v O but which were not covered in the 
v 

photoelectric photometry observations. The multichannel 

spectrophotometer (MCSP) was used with the Hale 5m telescope over 

four photometric nights, 7 - 10 May 1981. A 15" entrance aperture 

was used throughout. The results were unrel iabl e redward of A9000 

due to poor photomultiplier response and calibration difficulties. 

As indicated by the SIT spectra and the photoelectric photometry, the 

stars all showed generally flat optical energy distributions. 

The flux distributions of several of these stars were 



Object 
(PG No.) 

0826+428 
0848+416 
0901+400 
0922+258 

1105+243 
1109-070 
1210+429 
1224+309 

1248+375 
1255+400 
1310-078 
1315+645 

1421+345 
1502-103 
1508+177 
1514+033 

1515+043 
1517+265 
1524+439 
1539+292 

1601+145 
1612+736 
1636+ 104 
1656+213 

1709+138 
1717+413 
2133+115 

Table 1. Observations Obtained for Peculiar Absorption 
Line Stars in the PG Survey 
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Table 2. Broadband Colors for the Absorption Line Objects 

Object Fig. V B-V U-B V-I 
(PG No.) (I.D. No.) 

0848+416 1 16.13 +.04 -.83 +.27 

0922+258 2 16.41 -.10 -.92 

1105+243 3 11.82 +.04 -.88 +.30 

1109-073 4 14.16: +.07 - .94 +.33 

BE UMa 5a 15.65 : +.02 -1.04 +.47 

II II 5b 14.90 +.13 +.13 +.66 

1210+429 6 15.02 +.01 -.77 +.34 

1255+400 7 12.87 +.23 -.96 +.58 

1315+645 8 15.05 -.05 -.90 +.41 

1421 +345 9 14.78 +.14 -.89 +.63 

1502-103 10 15.51 : +.04 -.92 +.37 

1508+177 11 16.28 +.05 -.95 +.67 

1514+033 12 13.85 +.04 -.96 +.34 

1515+043 13 15.46 -.03 -1.11 

1517+265 14 15.95 -.12 -.91 +.14 

1524+439 15 15.57 +.03 -1.08 +.75 

1539+292 16 14.64 +.08 -.93 +.11 

1601+145 17 14.50 +.01 -.92 +.41 

1612+ 736 18 14.49 +.12 -.79 +.35 

1656+213 19 14.88 -.20 -.73 

1717+413 20 14.40: +.10 -.91 - .16 



Fi gure f. 

-O.T 

0.1 

0.2 

"".,.IIIAIN SEQUENCE 

"'--

4 
13 

Ib 

8 6a 

\
1217 115 

10 11 

20 18 
\ 18 8 

\ ., 

MAIN .EQUENCE~ 
V-I 0.4 

The UBVI photometric results. 

11 

1.2 



12 

extended into the ultraviolet, 111200-3000, using observations made 

with the International Ultraviolet Explorer satellite. Observations 

are 1 i sted in Tabl e 3. The 10" x 20" aperture was chosen both to 

provi de spectrophotomet ri c data and because the objects were 

moderately faint, mphot l 13m.S in all observed cases requiring blind 

offsetting. A definite blue component, Fv a v1•5, much steeper than 

the "flat" optical data, extended from 13000 to just below A1200 in 

PG1210+429, PG1524+439, and PG1539+292. The former two showed ClV 

11550 absorption with P Cygni profiles as well as Hell 11640 in 

absorption. The blue component of PG1539+292 was also hot, although 

without detected mass loss from P Cygni-profi1ed CIV 11550. Figure 2 

shows the complete set of energy distributions, MCSP and IUE (using 

binned fluxes) where available, and Figures 3 and 4 show the full IUE 

spectra obtained. The MCSP data are precise to 2%. PG1717+413 

(Green, Ferguson, Liebert, and Schmidt 1982) and PG2133+155 are two 

"thick disk" cataclysmics (with noticeable emission line cores), for 

comparison. The flatness of the PG1210+429 energy distribution over 

112000-3000 and the subsequent rapid rise blueward to 11250 are 

likely due to the star having been partially out of the slit in the 

LWR scan. 

The SIT classification spectra were of necessity short 

exposures, of low resolution and noisy. Much higher quality optical 

spectra were obtai ned with the Steward 2.3m tel escope, Boll er and 

Chivens spectrograph, and blue image tube package used together with 

a photon count; ng Ret i con detector: the observati ons are 1 i sted in 
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Table 3. Log for IUE Observations of Absorption Object Energy 
Distributions 

Object Exposure 1.0. Begin.Obs.Date Exp. Ti me Comments 
(PG No.) (JD2,440,000+ ••• ) (Mi n. ) 

1210+429 SWPI7368 5157.14028 40.00 
II II LWR13619 5157.16944 II II 

1524+439 SWP17351 5154.69931 80.00 
II II LWR13599 5154.75972 40.00 

1539+292 SWP17352 5154.83264 60.00 
II II LWR13600 5154.87708 40.00 

1612+736 SWP17355 5155.09583 30.00 obj. not 
II II LWR13602 5155.06528 40.00 centered 
II II LWR13603 5155.12014 II II in slit 

1717+413 SWP17353 5154.92500 II II 

II II SWP17354 5154.98750 II II 

II II LWR13601 5154.95694 II II 

2133+115 SWP17367 5157.04236 II II 

II II LWR13618 5157.07222 II II 
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Table 4. This table also includes two spectra taken with the Multiple 

Mirror Telescope (MMT), spectrograph, and photon counting Reticon 

detector coupled with a "green" Varo intensifier image tube. 

Figures 5 through 25 depict the resulting digital spectra of these 

objects. They were characterized by hydrogen absorption lines 

similar in width and strength to those found in hot subdwarfs (sdO 

and sdB), sometimes He! ).4471 and other Hell ines, often Call ).3934, 

and Hell ).4686 ina few cases. The IIG" band of CH at ).4304 was a1 so 

visible in some of the spectra. The continuum shapes given by the 

spectra were affected by differential refraction and reduction 

artifacts. They must not be construed as representing accurate 

relative energy distribution measurements. 

Spectra of several candidates were obtained at the MMT with 

the Cambridge CCO spectrograph over ).).4600-9600, with the assistance 

of Dr. Craig MacKay. Conditions were very poor: these spectra too 

were most dec i dedly non-photomet ri c. Resul ts are gi ven where 

applicable to individual objects. 

C. Interpretation 

The Composite Spectrum Hypothesis 

These absorption line objects did not resemble cataclysmic 

variables of the UX UMa or V3885 Sag type. The H absorption 1 ines 

were much too deep, in some cases dropping to less than half the 

continuum level. These same lines showed a sharp "vee" profile 

unlike the broader more rounded cataclysmic absorption lines. The G 

bands, where observed, were inconsistent with the temperature 
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Table 4. Log of Optical Spectroscopic Observations of the 
Absorption Line Stars 

Object Obs. Mid. Exp. Exp. Time Coverage Grating Comments 
(PG No.) (JD2,440,OOO) (Min.) ). (L/mm) 

0826+428 5118.69931 28.00 3600-4775 832 
1109-070 5118.72500 1\ 1\ 1\ 1\ 1\ 1\ 

1210+429 5151.65972 20.00 3400-5500 400 
1224+309 5151.69444 1\ 1\ 1\ 1\ 1\ 1\ 

1248+375 5151.67546 15.33 1\ 1\ 1\ 1\ 

1310-078 5151. 7159 7 1\ 1\ 1\ 1\ 1\ 1\ 

1502-103 5152.69722 30.00 3850-4950 832 em cores 
1508+177 5152.77153 1\ 1\ 1\ II II II 

1514+033 5152.71875 20.00 II II II II 

1515+043 5152.74444 30.00 II II II II 

1517+265 5152.79722 II II II 1\ II II 

1524+439 4777.75138 16.00 II II II 11 var. spec. 

II II 5016.96597 12.00 4200-4950 II II 

II II 5032.97535 15.00 II II 600 MMT 
1539+292 4777.77500 12.00 3850-4950 832 
II II 5016.93888 II II 4200-4950 II II 

II II 5032.95660 15.00 II II 600 MMT 
1601+145 4777.79583 12.00 3850-4950 832 
1612+ 736 4777.84514 II II II II 1\ II 

1636+104 4777.78750 II II II II II II 

1656+213 5152.85555 20.00 II II II 1\ 

1709+138 4777.81111 16.00 II II II II 

1717+413 4783.55013 8.00 3900-5075 II II CV wk. em. 
2133+115 4777.36528 12.00 3850-4950 1\ II CV wk. em. 
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Figure 2. UV and optical energy distributions for the composite 
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inferred from the hydrogen and helium lines (sdO and sdB type). Yet 

they were too strong to be due to a cataclysmic secondary unless the 

1 atter were evol ved (GK Per) and the system quite 1 umi nous. 

Shortward of ).3000, the energy distributions rose at about F a v1•5 
v 

instead of the Fv a vO. 3 predicted and usually observed for disk 

CVs. The absorption line stars' Balmer jumps were all rather large 

and in absorption, again unlike accretion disk cataclysmics. Indeed, 

the only characteristic common to both this object set and CVs were 

the flat optical energy distributions, F a vO• Another possibility 
v 

consistent with the absorption line object colors were that these 

stars were DB white dwarfs; however, the absence of broad Hell 

absorption and the appearance of hydrogen absorption in the spectra 

negated this possibility. Clearly, these stars were not 

cataclysmics, and the short wavelength changes in continuum slope led 

us to a different interpretation. 

The remaining possibility was that the absorption line 

objects were composite detached binaries as suggested by Greenstein 

(1966) for a few objects with similar UBV colors. Consider the hot 

UV component to be an evolved primary star and the cooler red 

component to be a CV-like dwarf secondary. Since the two had energy 

distributions that crossed in the optical region, clearly, the hot 

primary must have been of considerably smaller radius than the cool 

secondary. Indeed, the widths and profiles of the H, Hel, and HeII 

lines were consistent with those of evolved subdwarfs having 6.0.5.. 

log gp.5.. 7.0. Although less than observed for main sequence ° stars, 
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the mass loss seen in the CIV ~1550 line for two of the three systems 

observed with I UE was cons i stent with the mass loss noted by 

Greenstein (1980) in subdwarf 0 (sdO) stars. 

The strength of the G band and the absence of TiO features 

required that secondary stars range from main sequence G to K. 

Clearly, an M star companion might not be detected in the energy 

distribution of one of these hot subdwarfs. Since the optical 

spectra of the two components were blended, a detailed analysis was 

necessary to deconvolve the binary pairs. It was reassuring that G 

to K main sequence stars and subdwarf 0 and B stars could be matched 

so that their energy distributions were roughly equivalent near 

AA4000-5000 (see the next section) This allowed the possibility that 

the two component energy distributions together summed to a "flat" or 

disk-like energy distribution at optical wavelengths. The next 

section descibes the detailed deconvolution study performed. 

One further kind of evidence suggested that some of the 

detached binaries discovered here may have rather short periods. Two 

stars, PG1524+439 and PG1656+213 may have shown BE UMa-l i ke phased 

reprocessing effects. The former showed a variable spectrum as 

though emission cores were alternately appearing and vanishing in the 

H, He I, and He I I absorpt ion 1 i nes (Fi gure 17). The 1 atter star's 

position closely agreed with that of SW Her (Kukarkin 1969), a star 

tentat i vel y i dent i fi ed as RRab (RR Lyrae) wi th a 0.4928 day peri od 

and described as varying over 13.52 ~ mphot i 14.73. No spectrum was 

obtained of this object; however, the Kukarkin (1969) classification 
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was very similar to the type first suggested for BE UMa. Both these 

systems should be searched for short periods. A photometric period 

would be of great value in interpreting the PG1524+439 system while 

an optical spectrum of PG1656+213 would be of interest. The 

possibil ity of a large reflection effect, especially 1 ikely in the 

case of PG1524+439, again points toward adopting the detached binary 

hypothesis. 

Evidently, the search for thick disk cataclysmics actually 

yielded composite stars. Thus, it would appear that the original 

suggestion by Greenstein (1966) was correct: stars occupying the 

portion of the U-B, B-V two-color diagram (Figure 1) under 

consideration may include detached binaries. It may also be 

concluded from this project that very few (if any) UX UMa/V3885 Sag 

stars exist down to a limit several magnitudes fainter than those of 

the known cases (Blim .5. 16.2) at high galactiC latitude. This holds 

important consequences for the stell ar popul ation scal e hei ght and 

luminosities of thick-disk CVs and limits the number density of CVs 

in general. 

The Flux Ratio Diagram Binary Deconvolution 

The composite objects with available optical energy 

distributions are unambiguously deconvolved into their respective 

constituents via the flux ratio diagram method (due to D. Rabin) 

described by Wade (1980). Each flux ratio diagram is a plot of 

fluxes at two wavelengths, both normalized to the respective fluxes 
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at a third wavelength, and plotted against one another on orthogonal 

axes for the sets of component objects. For example, the absorption 

line objects are likely combinations of high gravity hot stars and 

main sequence stars. These two locii were plotted on both flux ratio 

diagrams, Figures 26 and 27. 

The best choices of wavelengths for a flux ratio diagram were 

dependent on the characteristics of the component objects. The hot 

blue component was expected to dominate the system energy 

distribution increasingly toward shorter wavelengths and conversely 

for the cool er component. Si nce the MCSP data became 1 ess preci se 

both shortward of ).3200 and longward of ).8200, the two extremal 

wavelengths were chosen to be ).3400 and ).8000. The former choice had 

the additional recommendation of measuring blueward of the Balmer 

jump where changes in the hot star temperature would have reflected 

to the greatest extent in the optical energy distribution data. All 

the fl uxes were normal i zed to the respective ).5500 val ues because 

this wavelength closely approximated the photoelectric V band. 

Hence, the diagram giving f ().3400)/f ().5500) vs f ().8000)/f ().5500), 
v v v v 

Figure 27, was sensitive to both secondary spectral type and primary 

temperature. Figure 26,where f ().4200)/f ().5500) vs f ().8000)/f 
v v v v 

().5500) was plotted, proved quite insensitive to the hot "primary" 

temperature but very dependent on secondary spectral type for all the 

composite objects except one, PG1224+309. This last object is a 

special case as we show later. 

In both diagrams, the flux ratio locus of the hot high-
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gravity stars was very insensitive to changes in surface gravity over 

5 S. log gp S. 8 and to variations in He/H, (0 S. He/H S. CD) because the 

Eddington fluxes at optical wavelengths are very similar. The locus 

shown is for the log gp = 6 case of the pure hel i urn Wesemael (1981) 

models. The secondary flux ratios were derived from the 

spectrophotometric observations of main sequence stars by O'Connell 

(1973): these were consistent with the Gunn and Stryker (1982) MCSP 

observations and with the Fourier transform spectroscopy of Pritchet 

and Van Den Bergh (1977). The secondary locus was also consistent 

with that derived for main sequence dwarfs by Gliese (1969) and used 

by Wade (1980) in his flux ratio diagram analysis of cataclysmic 

variables. For both flux ratio diagrams, diminution of metal 

abundances to 0.01 solar values would decrease the U band blanketing 

by up to 0.4mpg which might correspond to an earl ier type secondary 

for a given primary temperature (Figure 27). The composite star 

fl uxes were obtai ned di rect1y from the MCSP data. 

The deconvolution procedure was first to locate a given 

composite on Figure 26 and determine the secondary spectral type. 

The primary temperature was constrained by the presence or absence of 

Hel and Hell lines. This was accomplished by noting the intersection 

point of a line connecting the hot star locus and the composite with 

the main sequence locus. Table 5 lists the results: column 1 is the 

composite name from the Palomar Green survey, column 2 is a number 

used to identify the composite position on each of the two flux ratio 

diagrams, and column 3 lists the secondary spectral type. Column 4 
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Table 5. The Composite Star Deconvolution Results 

Object 1.0. Sp.T. M~ Tp Fs/Fp M~ M~ot {m-t-1j V Di st. 

(PG no.) (No. ) Sec. (m) (x104oK) (%/%) (m) (m) (m) (pc) 

0826+428 1 K1 6.4 3.5 51-49 6.5 5.7 9.4 760 

0848+416 2 K1 6.4 3.0 46-54 6.3 5.6 10.5 1300 

0922+258 3 K4.5 6.9 3.1 23-77 5.6 5.3 10.2 1100 

1105+243 4 K2 6.6 2.8 39-61 6.1 5.6 5.6 130 

1109-070 5 K2.3 6.6 3.2 35-65 5.8 5.4 9.1 660 

1210+429 6 K2.5 6.6 2.7 43-57 6.2 5.7 9.2 700 

1224+309 7 M2 10.2 2.8 16-84 8.4 8.2 7.9 380 

1248+375 8 K2 6.6 3.3 44-56 6.3 5.6 9.9 950 

1255+400 9 K3 6.7 3.1 56-44 6.9 6.0 9.4 760 

1310-078 10 G8 5.9 3.2 45-55 5.7 5.0 9.1 660 

1421+345 11 K3 6.7 3.0 46-54 6.5 5.8 8.9 600 

1502-103 12 KO.5 6.3 3.2 41-59 5.9 5.4 10.0 1000 

1508+177 13 K1 6.4 3.0 39-61 5.9 5.4 10.7 1400 

1514+033 14 K2 6.6 3.1 31-69 5.6 5.2 8.5 500 

1515+043 15 K4.5 6.9 3.1 23-77 5.6 5.4 9.9 950 

1517+265 16 K3.5 7.1 2.8 16-84 5.3 5.1 10.7 1400 

1524+439 17 K3 6.7 3.8 35-65 6.1 5.6 9.5 790 

1539+292 18 K3 6.7 3.3 38-62 6.2 5.6 8.9 600 

1601+145 19 K3 6.7 3.1 36-64 6.1 5.6 8.8 580 
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gives the secondary absolute visual magnitude MQ from Allen (1973). 

The pri mary star temperature was next determi ned. The 

composite was located in Figure 27. The intersection of a line 

through the secondary locus at the spectral type determined in the 

preceding step and the composite at the primary star locus gave the 

primary star temperature, Table 5 column 5. These temperatures are 

consistent with the very weak temperature constraints inferred from 

the spectroscopic observations. 

A further property of the flux ratio diagram allowed a 

consistency check. Consider a composite with known primary and 

secondary flux ratios. Its composite flux ratio point will lie on a 

line connecting the primary and secondary flux ratio points. The 

length of the line segment from the composite point to the secondary 

point relative to the length of the line segment connecting the 

primary and secondary pOints represents the fractional contribution 

of the primary star to the total system luminosity at the wavelength 

to which the fluxes were normalized (Wade 1980). Naturally, the 

remainder is contributed by the secondary. For example, consider a 

composite made up of a K2 secondary and a 30,000K high gravity 

primary. Say the K2-composite segment is 2/3 of the total secondary

primary length on a flux ratio diagram normalized to AS500. Then 67% 

of the system luminosity at AS500 is produced at the primary with the 

remainder generated by the secondary. 

If the primary and secondary star parameters were determined 

correctly, their relative contributions to the system luminosities at 
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A5500 should have been the same in both flux ratio diagrams. Indeed, 

the two flux ratio diagrams gave results that agreed to within 4% in 

all cases. Tabl e 5 column 6 gives fS (>.5500)/[fS (A5500) + 
v v 

f P(A5500)], then f P{>.5500)/[fS{>.5500) + f P{>.5500)], labeled Fs and 
v v v v 

Fp' respectively. 

This check did not apply in the case of PG1224+309. The 

matching of relative fluxes was necessary because the position of 

PG1224+309 in Fi gure 26 was such that the hot star temperature did 

indeed enter into the determination of secondary spectral type. 

Given M~ and the relative luminosity contributions of the 

primary and the secondary, the primary absolute magnitude M~ and the 

total system absolute magnitude M~ot were easily calculated. 

Uncertainties in the absolute magnitude are ±25% due almost entirely 

to the uncertainty in the secondary spectral type. Table 5, columns 

7 and 8 give the respective results. Together with the apparent 

visual magnitude of the composite from the MCSP data, the distance 

modulus 1m - Ml~ot and distance were found, Table 5 columns 9 and 10, 

respectively, distance uncertainties are 45~ 

Results of the Flux Ratio Analysis 

The composite stars each consisted of a GB-K4.S secondary and 

a 27,OOOK-38,OOOK primary, excepting PG1224+309. The secondary 

spectral types were precise to ±O.5 spectral type with Tp good to 

±2,OOOK. The extinction data of Burstein and Heiles (1978) gave AV i 

Om.2 corresponding to a maximum decrease of 60 pc in composite system 

distances. Hence, these composites were typically at about twoscale 
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heights from the galactic plane where most of the uncertainties were 

due to the unknown secondary metall icities. PG1224+309 was an M2 

secondary paired with a 28,OOOK white dwarf. Since the M2 star 

secondary had to be very precisely matched with the appropriate high 

gravity star to together form a flat energy distribution over optical 

wavelengths, it was not suprising that PG1224+309 was the only such 

star found in this way. A number of white dwarf-red dwarf pairs had 

already been recognized among the 1500 PG spectra from their large 

red energy distribution excesses, however. 

The Wesemael, Auer, Van Horn, and Savedoff (1979) pure 

hydrogen Eddington fluxes at Tp = 30,000K near ~5500; i.e. H (~5500), 

and the same quantity determined for the pure helium models of 

Wesemae1 (1981) together with MV, determi ned from the f1 ux rat i 0 

analysis, can be used to estimate log gpo For if 

MU = -2.5 10g[4nHv(~5500)(rp(pc)/10Pc)2] - 48.65 (1) 

where the constant -48.65 was determined by Oke and Schild (1970), 

then 

log gp = 0.4(MU + 48.65) + 10g[4nGMpHv(~5500)(3 x 1019cm)-2] (2) 

yielding 6.0 i log 9p i 7.2 over all He/H abundances in all the 

composite cases except for the logarithm of the PG1224+309 surface 

gravity that was 109 9p = 7.4. 

The combination of a white dwarf or sdO primaries and late 

dwarf secondary stars presented in this work resulted in rather flat 

composite flux distributions. That is, only primary stars with 6.0 ~ 

log gp i 8.4 and dwarf secondaries with spectral types in the range 
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K5 - G8 will show optical composite energy distributions well 

approximated by F a ..p power law. Secondaries with spectral type 
v 

outside this range produced noticeably curved energy distributions 

and hence were excluded from the sample. 

A Discussion of the Composite Star Optical Spectra 

Both the cool secondary and the hot, high-gravity primary 

contributed to the optical spectrum of each composite system. 

The hot small-radius star supplied the Hel and Hell 

absorption lines and nearly all the observed hydrogen Balmer 

absorption line sequence as well. The Wesemae1 (1983) models showed 

that the hydrogen line strengths were quite insensitive to large He/H 

variations near Tp = 30,000K. The same Wesemae1 models showed that 

the Hel and Hell line profiles were a more effective discriminant of 

He/H but the spectral data were too noisy for a valid comparison. 

The appearance of weak Hell ~4686 in some of the spectra (see Table 6 

for a complete listing of measured equivalent widths) was consistent 

with Tp ~ 28,000K for sdO or Tp ~ 40,000K for white dwarf primaries. 

The absence of Hell A4686 and weaker Hel A4471 in the other spectra 

might have been due to lower He/H in these stars, say He/H ~ 0.01. 

The widths of the Stark-broadened hydrogen lines (FWHM = 12-

32A) provided a direct observational measurement of the hot star 

surface gravity. The result was that 6.0 ~ log 9p ~ 7.0 in all cases 

except that of the star PG1224+309 where log gp = 7.7 ± 0.8, 

essentially consistent with it being interpreted as a DA white dwarf. 
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Thus, the surface gravity estimates from both hydrogen 1 ine Stark 

broadening and an equating of observed and model fluxes at ).5500 were 

in gratifying agreement. 

It is likely that a substantial fraction of the Call Hand K 

1 ine strengths as produced in the secondary star atmosphere. The 

large ~20A) intrinsic equivalent widths of Call ).3934 from the 

secondary are dil uted by up to 90% by the primary cont i nuum 

(O'Connell 1973), yielding diluted equivalent widths of a couple of 

angstroms, as observed (Table 6). 

The ).4304 CH ("G") mol ecul ar band was cl early produced by the 

secondary. Other weak secondary features were visible in the higher 

quality spectra, for example, Cal ).4226 is seen in PG1514+033. Since 

the features were so weak, no analysis was made of the metallic 

abundances of the secondaries. No Call ).8498 or NaI ).8192 was 

observed in any of the CeD spectra but the data were very noisy. 

A Discussion of the Ultraviolet Spectrophotometry 

Ultraviolet spectrophotometric data was obtained for three of 

the composites: PG1210+429, PG1524+439, and PG1539+292 (Table 1). 

The ).).2000-3000 exposure of the fi rst object shows F a 'V O. The 
'V 

large wavelength range over which this spectrum remained flat 

precluded the >.2200 interstellar absorption feature as a prime causal 

agent. Perhaps the star was partially out of the slit or, less 

likely, the energy distribution might have been obtained when the 

primary was partially eclipsed by the secondary. Otherwise, all the 

IUE energy distribution data were consistent with the composite 
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Table 6. Composite Star Absorption Line Equivalent Widths 

Object Equivalent Widths (A) 
Call H G-Band H He! Hell 

(PG no.) }.3934 }.4102 }.4304 }.4340 )'4471 )'4686 

0826+428 3.1 7.6 3.8 0.9 

1109-070 1.6 6.6 0.7 5.2 0.9 

1210+429 1.5 5.2 0.6 4.4 1.1 

1224+309 13.1 0.8 20.1 

1248+375 1.6 8.1 0.4 3.7 0.5 

1310-078 1.4 3.4 3.1 1.3 0.8 

1502-103 1.3 4.5 2.3 

1508+177 1.3 8.9 4.3 0.9 0.6 

1514+033 1.4 6.2 0.4 6.6 0.4 

1515+043 1.0 4.9 3.3 0.6 

1517+265 7.9 5.5 0.2 

1524+439 0.6 3.2 0.6 6.2 3.2 1.2 

1-539+292 2.3 4.7 8.9 1.6 1.2 

1601+145 1.1 5.0 6.1 1.0 

1612+ 736 2.6 4.2 6.0 

1636+104 2.6 4.8 1.2 6.3 

1656+213 0.8 6.6 8.1 1.2 

1709+138 0.6 2.8 1.3 2.7 
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i nterpretat i on: nearly all the UV 1 i ght bei ng produced in the hot 

subdwarf atmospher~ No A2200 ~bsorption feature was seen in 

PG1524+439 or PG1539+292. 

The absolute UV fluxes of PG1524+439 and PG1539+292 were 

consistent with the Table 5 results. Indeed, assuming the primary 

stars in both systems to have masses of 0.6Ma , the observed UV f1 ux 

at A2000 matches the aforementioned high gravity star models at log 

gp= 6.3 and 6.2, respectively, with log gp± 0.2 representing the 

difference between pure hydrogen and pure helium models. 

These three stars showed absorption lines typical of late 

spectral type subdwarf 0 stars over the AA1200-2000 wavelength range 

(Figure 3) Greenstein (1980). The spectrum of PG1210+429 was noisy 

but revealed CIV A1550 and possibly Hell A1640. The two other 

composites also showed Hell A1640 in addition to NV A1240. 

Further, PG1524+439 exhibited a P Cygni-profile CIV A1550 

absorption line with sufficient signal to noise to have enabled an 

estimate of mass loss. Following the Krautter et al. (1981) 

approximation of the Castor and Lamers (1979) theoretical P Cygni 

profile models for spherically symmetric mass loss, a rate of M ~ 10-

13Me-yr-1 was found where the lower limit was a solar abundance 

calculation. This result was consistent with mass loss observed for 

sdO stars by Greenstein (1974) and others. 

A Summary of the Composite Object Properties 

All but two of the flat energy distribution objects found in 



59 

the PG survey were composites. The dwarf secondaries ranged from G8 

to K4.5 with one exception, H2. The primary components were all 6 ~ 

log gp i 7.5 stars with 28,000 i T(K) i 38,000. Table 5 lists the 

properties of each individual system. No meaningful abundance ratios 

or bulk radial velocity measurements were obtained but their mean 

distance of 600pc is two disk scale heights above the galactic plane; 

thus, the systems may be either pop. I or pop. II objects. The 

sample is probably volume limited as many of the stars' photographic 

magnitudes are well under the PG survey limiting magnitude. That is, 

the composite binaries are probably not halo population members. 

Implications of the Results 

Are the Composite Objects the Catac1 ysmic Progenitors? The 

available data do not contradict the assertion that these composites 

may eventually evolve into cataclysmic variables. Since most CVs 

contain a white dwarf primary and a distended G to M main sequence or 

subdwarf star (Wade 1980; Berriman 1983), the composite systems 

described in this work are composed of the proper constituents. Bond 

(1983) found that binaries with periods less than 1.5 days can evolve 

to catac1ysmics within the present age of the galactic disk through 

magnetic braking. However, the periods and binary separations of 

these systems are not known although two of the objects may show 

evidence for a "reflection effect"--variable spectra, perhaps with 

line emission. If they are to evolve eventually into catac1ysmics, 

the periods should be small enough to measure the mass function with 

time-resol ved spectroscopy (recall that the secondary features were 
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quite faint and thus unsuitable for time-resolved spectroscopy) for 

all but the most pole-on systems; also, a photometric reflection 

effect should be measurable. The same data would provide bulk radial 

system radial velocity measurements and hence determine if the 

composite obj ects were pop. II halo stars. If a few of these stars 

are eclipsing binaries, photoelectric photometry would further 

constrain the system masses. It would be especially interesting to 

see if collapsed stars in binaries show the same sharply-peaked mass 

distribution as for single white dwarfs (Koester, Schulz, and 

Wei demann 1979). PG1524+439 is especi ally recommended for future 

study because it showed weak emission lines, perhaps from a BE UMa

like reflection effect, in the primary star absorption features. 

Hence, this system was likely a close pair with a period less than 

two days. PG1656+213 shoul d be monitored photoel ectri ca lly to 

confi rm the Om.60 mphot ampl itude, 0.4928 day peri odi c vari at ions 

reported for SW Her (Kukarkin 1969). 

Where are the Thick Disk Accretion Stars? Three 

thick disk objects of tenth magnitude or brighter have been found so 

far: V3885 Sag, BO-70 3007, and CPO-48 01577. These stars all have 

large U-B color excesses. Further, V3885 Sag (CO-42014462) has a 

radial velocity systemic motion just like other classes of 

cataclysmics. An estimate of the number of thick disk stars that 

should have been found in the PG survey is available. Suppose that 

the three brightest thick disk cataclysmics represent all the 
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candidates down to 11th magnitude over half the sky. Then the 

resulting volume density can be extrapolated to find the number of 

thick disk systems that the PG survey should have revealed. The 

method required an estimate of MV for the thick disk objects. The 

optical continuum was assumed to be due to the LTE disk processes 

because no or very weak emission 1 ines were evident in the bright 

thick disk optical spectra. The Williams and Ferguson (1982a) disk 

models were used to evaluate MV for values of the mass accretion rate 

for 10-8•5 .i !C1(M g /yr).i 10-6•5• Thick Galactic disk vertical scale 

height trials of 250pc and 500pc were used in the computations 

described in Wesemael, Green, and Liebert (1983) to calculate object 

volume density in the PG survey. 

The result was very sensitive to mass accretion rate. That 

is, thick disk intrinsic luminosities corresponding to M(Me/yr) 1 10-

7 were required to fit observed data. If the thick disks were of 

lower luminosity, many more than two should have been seen in the PG 

survey; for example, 44 thick disk cataclysmics should have been 

found if ~ = 10-8•5Me/yr and the Galactic disk scale height were 

250pc. The lower vertical scale height distribution was slightly 

preferable although the calculation was much more sensitive to mass 

accretion rate. 

Only two new thick disk objects were found: PG2133+115 and 

PGl717+413. Figures 3 and 4 are the respective H1200-2000 spectra 

while Figures 24 and 25 are the corresponding optical spectral scans 

of these two stars. In all, the PG survey di scovered 21 new 
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cataclysmic variables (19 emission line CVs: Green et a1.1982) as 

well as 10 previously known accretion disk stars. Hence, the UX UMa 

stars comprised 7% of the total. Additionally, some of the newly

discovered PG survey cataclysmics were likely Z Cam stars in 

quiescence while two more, PG0911-066 and PG2300+166, showed at least 

some absorpti on features. In a di fferent sampl e, Webbi nk (1982) 

lists 23% of 69 cataclysmics as either UX UMa or Z Cam systems. 

Considering the many uncertainties, the two studies were not 

inconsistent. 

Therefore, the PG survey results suggest that the thick disk 

cataclysmics result from high mass accretion rates, consistent ~ith 

the photoionization model as will be discussed in Chapter IV. 

A Significant Fraction of the Hot Subdwarfs Must Be Binaries 

Some 900 (check!) stars in the PG catalog are c1 ass i fi ed as 

subdwarf 0 or B stars, dependi ng on whether the absorpt i on spectra 

showed hydrogen or some Hell lines. We have shown that 18 of these 

(restricted to only the sample in the North Galctic Cap) have 

detached companions which are G-K main sequence stars. As these were 

discovered due to their essentially "flat" composite energy 

distributions, there are very limited ranges in the visual light 

output of each component in these systems. It is therefore plausible 

to suppose that these represent only a tiny fraction of the binary 

systems involving hot subdwarf primary stars in the same volume of 

space. A large fraction must have secondaries that are lower 

luminosity M and K dwarfs whose effects upon the broadband colors, 
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used initially for screening the subdwarfs, were minimal or 

undetectable. Note that the single DA white dwarf primary found 

herein has the only M dwarf companion listed in Table 5. Note that a 

similar ~20) number of PG white dwarfs were independently discovered 

to have dM companions 

For example, a crude estimate of the number of hot subdwarf 

binaries may be possible from assuming firstly that the cooler 

secondaries follow the same luminosity function (for example: Wielen 

1974, Luyten 1968) as single stars (about 1/20 of all dwarf stars lie 

between G8 and K5, inclusive), and secondly that 100% of the G-early 

K stars which are PG subdwarf companions have been discovered. Given 

that 18 G8 - K5 stars are listed in Table 5, this predicts that some 

350 stars have companions of even later types, a lower limit. 

The above estimate does not allow for binaries that have more 

luminous main sequence companions (these likely did not generally 

have sufficient UV excesses to have been counted in the PG survey) or 

the fact that subdwarfs cannot all be assumed to possess the same 

optical MV. The shortage of companions earlier than G8 underscores 

that the methods used in this work are efficient at discovering only 

companions in the G8-KS range. 



CHAPTER III 

BE URSAE MAJORIS, THE UNIQUE EUV RADIATION REPROCESSING STAR 

A. Introduction. 

BE UMa is a uni que ecl i psi ng bi nary system featuri ng three 

distinct sources of optical radiation. One component, the primary, 

is a high gravity evolved star so hot that most of its energy is 

emitted in the UV and EUV regimes. The secondary is a later spectral 

type (M) dwarf. A fraction of the primary EUV radiation is 

intercepted by the secondary hemisphere facing the primary. The 

resulting "reflection effect" is dramatic because the intercepted UV 

radiation is reprocessed into optical wavelengths producing both 

continuum radiation and emission lines that together dominate the 

system's optical luminosity. The emission lines modulate strongly 

with the binary orbit, almost disappearing near minimum light (phase 

0). This chapter discusses the intrinsic properties of the BE UMa 

system in preparation for a detailed comparison with cataclysmics in 

Chapter IV. 

The BE UMa-Cataclysmic Variable Connection 

The emission line spectrum of BE UMa shows an uncanny 

resemblance to those of high excitation cataclysmics. Several 

differences do appear, though. In particular, due to the lack of 

64 
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velocity broadening, the lines are much narrower in BE UMa. Since 

most CV optical emission and continuum radiation is produced from an 

accret i on di sk surround i ng the pri mary instead of from a detached 

binary reflection effect, the ecl ipse behavior of BE UMa compared 

with cataclysmics is quite different. The CV accreting matter 

motions result in emission line FWHM that are several times the BE 

UMa values. Cataclysmics emission line intensities are often an 

order of magnitude greater. Cataclysmics do not generally have the 

large Balmer jump seen in BE UMa while the latter'possesses only a 

weak UV emission line spectrum in contrast to CVs. There are other 

subtle differences discussed in Chapter IV; however, the great 

similarities between the optical emission line spectra of the two 

types very strongly suggest that the physical emission line formation 

mechanisms are similar. Mass accretion is not observed in the BE UMa 

system so that the effects of an EUV bombardment upon a stellar 

atmosphere are uncompl icated by radiation from hot spots, accretion 

disk geometries, or bulk mass motions as manifest in cataclysmic 

variables. Hence, the emission line spectra of cataclysmic variables 

can be better understood through compari son with the "pure" BE UMa 

physical enviroment. The next section, a review of all preceding BE 

UMa results, provides a more extended discussion of the system 

pro pert i es. 

B. A Chronological Review of BE UMa Research 

The variability of BE UMa was first discovered by Kurochkin 

(1964) who found 14.1 .5. mphot ..5. 15.6 with a sinusoidal period of 2.29 
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days and appeared in the Kukarkin et ale (1969) variable star 

catalog. The star was rediscovered during th~ Palomar Green survey 

(Green, Schmidt, and Liebert 1983) and was discussed at length in 

Ferguson et a1. (1981). The original SIT spectrum revealed Hell 

absorption. Followup spectra showed a stunning contrast: a high 

excitation emission line spectrum showing a flat Balmer decrement, 

large Balmer jump in emission, flat HeI decrement with similar 

singlet and triplet line strengths, strong Hell A4686 and CIII A4650, 

and many weaker high excitation 1 ines. Optical and UV energy 

distributons were subsequently obtained. These showed a flat energy 

distribution F \! a\!O over u3000-9000 and F \! a .j"1 over AA1200-3000. 

Weak He I I A1640 was seen in the UV scan. Ferguson et a 1. (1981) 

interpreted these observations as a binary system with three 

components. Two of the components were a hot primary emitting mainly 

in the EUV region and a high excitation emission 1 ine source from 

1 i ght reprocessed at the secondary. A thi rd component, proposed to 

account for the Balmer lines and the flat optical continuum, was 

thought to mimic the properties of a CV disk. 

Ferguson (1981) confirmed the binary nature of BE UMa by 

measuring K = 95 ± 7 km-s-1 and y = -66 km-s-1• He A4861, Hell 

A4686, and CII! A4650 were found to possess different respective line 

profiles. He was double peaked with a FWHM of 240 km-s-1 , the Hell 

A4686 FWHM was 48 km-s-1 , and the CIII A4650 blend was resolved: 

each component was within instrumental resol ut ion 



67 

(20km-s-1). He introduced the illuminated hemisphere model and 

dispensed with the third component hypothesized in the previous 

paper. The secondary was identified with a late type dwarf star, K5V 

- M5V from the absence of an easily detectable optical secondary 

spectrum near minimum light. The absorption line spectrum was 

associated with a hot collapsed primary, Tp 1. 60,000K. The v +1 

energy distribution, however, seemed too shallow to account for the 

Rayleigh-Jeans tail of a hot EUV source. Using the Kurochkin (1964) 

ephemeris, emission line minimum was found to occur at phase 0.14 

after photometric (sine wave) minimum. This work was presented 

orally; therefore, the data are described in the next section of this 

thesis together with an analysis incorporating all previous paper 

results. 

Margon, Downes, and Katz (1981) independently promoted an 

illuminated hemisphere model. They noted that the Wesemael et ale 

(1980) and Wesemael (1981) white dwarf model s yi el ded a UV energy 

distribution not too different from F a v+1 , just as was observed 
v 

for the BE UMa primary in the single IUE scan discussed by Ferguson 

et ale (1981). They postulated identification of the BE UMa primary 

with a 0.7Me white dwarf and argued that a ~ O.4ME) dwarf secondary 

(M2V) would be consistent with the lack of easy detection of the 

secondary in the visual region. From the binary separation implied by 

these assumed masses, they cal cul ated the fract i on of white dwarf 

radiation intercepted at the secondary. They used the reprocessed 

radiation energy (UV reprocessed to V) at the secondary to find a 
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bolometric correction for the white dwarf of -7.5. Using the 

aforementioned two Wesemael model sets, they found Tp 'V 10sK. 

Ando, Okazaki, and Nishimura (1982) performed 5-color 

photoelectric photometry on the BE UMa system and turned up a major 

suprise. They found that a sharp drop in light level occurred for 72 

± 2 minutes centered at photoelectric minimum phase 0.00. That is, 

the primary was apparently ecl ipsed by the secondary. This was in 

addition to the secondary self-eclipse of the reprocessing effect 

hemisphere that created the (smooth) mphot sine wave curve noted by 

Kurochki n (1964). lIMU was about Sm and showed a "vee" shape whi 1 e 

1I MV was about 1.5m and exhibited more of a"U" shape as though it were 

filled in. These photometric observations removed the discrepancy 

concerning the system ephemeris: they found that the claimed 

Kurochk in (1964) ephemeri s preci si on was gros sly overstated: the 

new, corrected ephemeris showed that the reprocessed component 

spectral minimum coincided exactly with the corrected photometric 

minimum at phase 0.00, in agreement with the eclipsing binary 

interpretation. They used Ferguson's (1981) K value to derive the 

mass function f(m) = 0.204M e• Using the mass radius relation for 

main sequence dwarfs and the 1 ight curve, they found 0.10 .5. Rp(Re) .5. 

0.15 and 0.8 l Mp(Me) l 0.5, respectively. Fi nally, the hel ium mass

luminosity relations of Cox and Giuli (1961) were used to find 4 ~ 

Tp(104K) .5. 6; that is, they descibed the primary as an extremely hot 

helium-rich subdwarf O. 

Crampton, Cowley, and Hutchings (1982) used extensive time-
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resolved spectroscopy and the light curves of Ando, Okazaki, and 

Nishimura U982) to reexamine the physical parameters of the two BE 

UMa component stars. They found K = 102 km-s-1 for a mass function 

of f(m) = 0.25M fP the lower 1 imit to Mp. They al so found that the H 

lines are double-peaked. Using the photoelectric light curves, they 

interpreted the flat-bottomed V curve as being due to total eclipse 

of the primary by the secondary. Using the secondary spectral type 

determined as M2V by Ferguson (1982), they deduced that the secondary 

star radius must have exceeded its main sequence value and that the 

ampl itude of the reprocessed component compared with the ecl ipse 

depth required a very small, hot star. Quantitatively, Rp = 0.028 ± 

O.008Re (appropri ate to a white dwarf of borderl i ne surface gravity) 

and Tp = 130,000K were the derived primary star parameters. With 

such components, they estimated the system distance to be 660pc. 

They postulated that "some of the U light arises in an extended 

regi on not associ ated with the photosphere," to account for the very 

deep but not total U-band eclipse. These authors associated the 

~4050 feature observed by Ferguson et ale (1981) and Margon, Downes, 

and Katz (1981) with molecular C3 from the secondary surface. 

C. The New BE UMa Observations 

The foll owi ng sect ions descri be the data announced by 

Ferguson (1981) in more detail and some important more recent 

observations. The ephemeris is first rediscussed as the binary 

phasing is critical to an understanding of the BE UMa system. The 
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echelle spectroscopy data are then presented: the secondary orbital 

velocity relative to system barycenter and the variations of the line 

profiles of several prominent emission lines of differing excitation 

with changing phase are documented. The absorption and emission 

spectra are discussed in turn, followed by a presentation of the 

energy distribution data from UV to IR wavelengths at various binary 

phases. lastly, the null linear polarimetry data is given. Table 7 

is a summary of all new observations of BE UMa. 

The Ephemeris 

Kurochkin (1964) gave the BE UMa ephemeris as JD 

2,440,422.698 + 2.291067Ed• When applied to recent spectroscopic 

data, the emission line minimum was found to follow the Kurochkin 

(1964) photographic photometry minimum by a phase of 0.14. Such a 

finding was at variance with the reflection effect binary model 

wherein the two minima should have closely coincided. A search 

through the Harvard photographic plate collection removed the 

discrepancy. Defining a phase of 0.00 as the center of the deep 

eclipse discovered by Ando, Okazaki, and Nishimura (1982) and using 

the Harvard pl ate data presented here, Crampton, Cowl ey, and 

Hutchings (1982) found the minimum light-centered ephemeris to be HJD 

2,444,998.281 + 2.291171E days. This is currently the best avail able 

ephemeri sand is used throughout thi s work when referri ng to 

observation phasing for BE UMa. Figure 28 shows the complete Harvard 

plate data together wi th more recent data from the Kurochki n (1971) 

ephemeris. Note the several data points near a phase of 0.0 in the 
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Table 7. A Summary of Observations for BE Ursae Majoris 

Date 
(U.T.) 

Instrument Wavelength Coverage, 
Resolution, Exposure Length 

9,10 Jan. 1981 MMT AA5100-6600, 4A, 60 min. 

10 Jan. 1981 

2 Feb. 1981 

11 Feb. 1981 

7 Apr. 1981 

Casso spectrograph 
blue reticon 

II II n4250-4900, 

II II II II 

2A, 

II , 

IUE n1100-1900, -

88 min. 

, 40 min. 

40 min. 

Steward 2.3m AA5300-8700,15A, 15 min. 
Casso spectrograph 

red reticon 

II II II II II 

Phase 

0.21,0.25 

0.14 

0.75 

0.85 

0.96 

11 Apr. 1981 

9 May 1981 Hale 5m 
MCSP 

AA3100-11,000, 80A bandpass 

0.35 

0.56 

10 May 1981 

11 May 1981 

II 

II 

II II 

II II 

II II , 
II II , 

II 

II 

0.01 

0.43 

10 May 1981 MMT n4430-4930, 3A, 36 min. 0.98 
Casso spectrograph 

blue reticon 

11 May 1981 IUE n1100-1900, -, 60 min. 

13 June 1981 Steward 2.3m meas. at A4000 and A8000 
Minipol polarimeter 

20-23 June 1981 MMT A4650, A4686, A4861, .2A 
Echelle spectrograph 

Dec .-Feb. 1982 CFA 60 11 J, H, and K bands 
IR photometer 

0.60 

0.84,0.27 

0.84,0.27 
0.71,0.15 

many phases 

24 Jan. 1982 MMT AA4300-4900, 5A, 40 min. 0.02 
Casso spectrgrph AA5200-5600, 3A, 30 min. 0.03 

blue reticon 

4 Mar. 1982 Steward 2.3m AA3200-7000,15A, 12 min. 0.00 
Casso spectrgrph,bl. reticon 
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Figure 28. The light curve of BE Uma. 

-

-

-

72 



73 

historical data where the primary is eclipsed by the secondary; 

otherwise, the data gives an excellent fit to a sine wave. An 

analysis of the Harvard pl ates, taken between 1889 and 1953, gave an 

upper limit to the binary period change: PIP < 2 x 10-9yr-1. Of 

course, this null result is entirely expected for such a wide, 

detached binary because period evolution due to such effects as 

gravitational radiation should be negligible. 

Echelle Spectroscopy 

Radial velocity shifts at four different phases for Hell 

A4686 and three phases for He A4861 and CIII A4650 (see Table 8 for a 

summary of the echelle observations) were measured and a sine curve 

with period matching the ephemeris period was fit to the data set to 

find 

K = 95 ± 7 km-s-1 

y = -66 ± 7 km-s-1 

where hel iocentric moti on corrections have been appl ied. Crampton, 

Cowley, and Hutchings (1982) have more extensive results 

K = 103 ± 2 km-s-1 

y = -67 ± 2 km-s-1 

and a circular orbit within observational uncertainties. The latter 

results are used in the analysis of the system. 

Our 0.2A resolution of the echelle spectrograph revealed more 

detailed profile information about the He A4861 and Hell A4686 

emission. He A4861 emission maintained a FWHM of 240 km-s-1 



Phase 

0.29 

0.43 

0.85 

0.98 

Table 8. Echelle Spectroscopy Wavelength Measurements 

elIl 
)..4647.4 

4647.85 

4648.0 

4645.25 

Hell 
)..4685.7 

4685.6 

4686.4 

4683.5 

4683.6 

74 

He 
)..4861.3 

4861.55 

4862.2 

4859.5 
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throughout all phases, the Hell >.4686 FWHM was 48 km-s-1• He and 

Hell >.4686 both showed absorption cores in their emission line peaks 

at phases 0.29 and 0.71 giving a double-lined appearance: the 

absorption was 40$ and 20% of peak emission intensity, respectively. 

At a phase of 0.15, the absorption core clearly disappeared in He 

where photon statistics were better than for the corresponding Hell 

>.4686 measurement. For the double-peaked profile to have been caused 

by rotation, the secondary rotational velocity would have had to 

approach the centrifugal breakup value, about 200km-s-1, extremely 

unlikely. 

The eIII >.4650 blend was resolved into the following probable 

components: CllI >.4647.4, CIII >.4650.2, and eIII >.4651.4. 

Similarly, the >.4640 blend was resolved yielding NIlI >.4640.6 and 

NIII >.4641.9. Each separate component remained unresolved within the 

0.20A instrumental resolution. The relative intensities of the >.4640 

and >.4650 high excitation blend components remained constant with 

changing phase, allowing for photon statistics. No CIV >.4658 was 

seen, consistent with the lower dispersion results. 

The Overall Energy Distribution 

The ultraviolet and optical energy distribution corresponding 

to the emission 1 ine state at phases 0.98 and 0.81, respectively, was 

fi rst presented by Ferguson et a 1. (1981). Fi gure 29 shows these 

data and many new observations obtained in the UV with the 

International Ultraviolet Explorer satellite using the 10" x 20" 

slit, at optical wavelengths with the Hale 5m-MCSP combination, and 
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in the infrared with the CFA-Willner infrared photometer. 

Shortward of A2000, the three available IUE short camera 

scans showed approximately F a v1•3 with no strong evidence of 
v 

primary star UV variability. The situation was similar redward to 

A3000 where the reprocessed component began to dominate light from 

the primary. The phase 0.98 long camera scan fl uxes redward of A2400 

were quite noisy so that the evident discontinuity between optical 

and UV data should not be taken too seriously. 

The optical data presented in this work confirmed the Margon, 

Downes, and Katz (1981) result: BE UMa was much fainter in 

absorption than when in the emission line state and the optical 

continuum luminosity modulated periodically with binary phase. 

No conspicuous Balmer jump in either emission or absorption 

was detected during the (out of eclipse) minimum light phase. 

Likewise,there was no obvious change in the continuum shape from ~ 

a v1•3 until longward of A6000 where the reprocessed radiation 

remnants and the (unilluminated) secondary itself began to contribute 

significantly, and the energy distribution flattened to F avO. 
v 

The emission line state MCSP scans show an Fv a v-0•3 flux 

distribution redward of the Balmer jump. Maximum reprocessed 

continuum radiation occurred near phase 0.5, as predicted by the 

reprocessing model. 

The MCSP and the infrared photometry data gathered near phase 

0.44 together show that the reprocessed component energy distribution 

peaked near A7500. The "W filter revealed a bump most prominent at 
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the low luminosity phase observations that corresponded roughly to a 

black body tempet'ature of 2000K. The JD2445002.94 and 1 ater ; nfrared 

data were uncertain by about 0.m15 due to cal ibration difficulties. 

All infrared observational results are listed in Table 10. 

Lower Dispersion Spectroscopy--
The Absorption Line Spectra of Both BE UMa Stellar Cqmponents 

Spectra taken near photometric minimum were useful in two 

respects. During the 72 minute ecl ipse, both the primary and the 

illuminated secondary hemisphere were occulted. This allowed a 

determination of the spectral type of the secondary largely 

uncontami nated by the refl ect i on effect. The refl ect i on effect was 

a 1 so greatly d i mi ni shed when the pri mary was just out of ecl ipse. 

Because the primary UV radiation reprocessed into optical wavelengths 

would otherwise dominate the optical radiation originating directly 

at the primary, the study of the BE UMa primary spectrum was only 

possible near eclipse. All spectra of BE UMa in this thesis were 

taken with a slit size of 5.0" or less and should not be used for 

absolute flux calibrations. 

Consider first the BE UMa primary spectrum. Figure 30 shows 

the BE UMa pri mary spectrum at mi ni mum 1 i ght, just out of ecl ipse 

along with several compari son stars eli scussed 1 ater. Two spectra 

obtai ned at phase 0.2-0.3 with 1.5A resol ut i on on the MMT with the 

Cassegra in spectrograph and i ntens ifi ed photon-count i ng ("green") 

reticon package (Latham 1979) mark the almost complete supression of 

the reprocessed component. The 24 Jan. 1982 data, of higher quality 



Spectra of the BE UMa primary and similar stars--Flux 
units are fv , cgs. 

79 



80 

than others, showed absorption Hy-HeII A4340, Hell A4686, HB-Hell 

A4859 , and Hell A5411. The pure Hell lines had FWHM of 18A. At 2.5A 

from line center, the flux ratios of absorption line to continuum for 

A5411 and A4686 were 0.80 ± 0.02. Central hydrogen emission cores 

may have partially filled in the absorption profiles of Hy-HeII A4340 

and HB-Hell A4859. The corresponding residual Hell A4686 emission 

reprocessing remnant is quite obvious within the Hell A4686 

absorption line. Hell A4540 was found to be weak; we do not confirm 

the observed strength of A4540 absorpt i on reported from the lower 

resolution Palomar 5m/SIT Vidicon spectrum (Ferguson et ale 1981). 

The first attempt to ascertain the character of the secondary 

star, taken at phase 0.96 over AA5300-8700 with the Steward 2.3m 

"red" analog reticon detector system, missed the deep eclipse. 

However, several features of interest were observed. A slight 

Paschen jump in emission was noted, almost certainly due to some 

unocculted reprocessed component remnant. Suprisingly, a conspicuous 

Ha emission line was recorded even though HeI A5876 did not appear at 

this phase nor did other higher excitation lines. From A5300 to just 

blueward of the Paschen jump, a flux distribution of Fv a v-0•3 was 

measured, in agreement with the energy distribution data given later 

in this thesis. 

Figure 31 shows the secondary star spectrum observed right at 

phase 0.00, deep eclipse. Unfortunately, the spectrum had to be 

obtained with the Steward 2.3m telescope and the photon counting 

Reticon intensified with the blue-sensitive RCA image tube ("blue") 
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Figure 31. The BE UMa cool secondary star spectrum--The top three 
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giving poor red response. The top three exposures were consecutive 

twelve minute exposures of which the first is the scan least 

contaminated by the primary. The bottom spectrum is of an MIV star 

for reference (cataloged as SP4: Sanduleak and Pesch 1982). A 

comparison of the BE UMa secondary spectrum with the appropriate 

standards in the Turnshek et al. (1983) digital stellar spectroscopy 

atlas gives a possible range in spectral type of MIV to M5V, 

inclusive. The A6200 TiO and A5200 Mg I + Mg H bands are readily 

seen. The former requires a spectral type of MIV or later. The 

absence of CaOH A5500 precludes a spectral type later than M5V. 

However, the probable contamination by other radiation precludes a 

clear classification within this wide range of spectral types. We 

estimate MI-5V as the possible range. 

Lower Dispersion Spectroscopy--
The Emission Line Spectrum of BE UMa 

Additional spectra of BE UMa were obtained that improved upon 

the wavelength range, phase coverage, and spectral resolution of the 

Ferguson et al. (1981) and other published observations. Figure 32 

shows the 10 Jan. 1981 H4250-4950 2A resolution results while Figure 

33 depicts the 9 Jan. 1981 4A resolution observations over H 5100-

6600. Table 9 presents equivalent widths measured at phases 021 and 

0.25, respectively. Relative line fluxes were ±0.3, all measured 

with respect to the observed continuum. Binary phase-dependent 

emission line variations first reported by Margon, Downes, 



Wavelength 

4340 
4349 
4380 
4388 

4418 
4437 
4471 
4482 

4584 
4634 
4642 
4650 

4674 
4686 
4707 
4713 

4803 
4814 
4840 
4861 

4721 
4992 
5151 
5220 

5876 
6347 
6563 
6583 

Table 9. BE UMa Emisson Line Equivalent Widths 
At Quarter Phase 

(A) 1.0. Flux rel. to He 

H 1.04 
OIl .18 
eIII .17 
HeI .21 

NIl, FellI .13 
HeI .08 
HeI .17 
MgIl .15 

FeI I .05 
NIl I .04 
NIl .26 
NIl, eIlI .61 

OIl, eIlI .04 
Hell .40 
NIV .05 
HeI .08 

NIl .03 
FellI .03 
Fell .18 
He 1.00 

HeI .40 
Fell .18 
ell .10 
Fell .12 

HeI .10 
Mgll .05 
Ha 1.01 
NIl, eII .04 
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EW(A) 

3.78 
.65 
.62 
.76 

.47 

.29 

.52 

.55 

.18 

.15 

.94 
2.22 

.14 
1.45 

.18 

.29 

.11 

.11 

.65 
3.63 

1.45 
.65 
.36 
.44 

.36 

.18 
3.67 
.15 
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and Katz (1981) were confirmed with maximum intensity near phase 

0.50. All time-resolved spectrum measurements were consistent with 

the aforementioned echelle radial velocity observations. The red 

data showed Ha and He of nearly equal strength confi rmi ng the fl at 

Balmer decrement observed by Ferguson et ale (1981). HeI singlet 

(c.f. )'4921, ),6678) and triplet (c.f. )'4471, ),5876) strengths were 

very similar. Thus, the HeI decrement was flat, indicative of high 

optical depth in neutral hel ium. The emiss'ion 1 i ne spectra showed 

many moderately high excitation He, e, N, and 0 transitions as well 

as some lower excitation Fe 1 ines. The weakness or absence of eIV 

)'5801, )'5812, expected to be strong in a eIV continuum fluorescence 

spectrum (Williams and Ferguson 1982b), was consistent with the null 

recombinational elv )'4658 measurement and the lack of NIV and NV 

1 ines. The )'4050 absorption feature reported in all previous 

spectroscopic studies was outside the covered wavelength ranges: 

there was no evidence for 1 ine absorption other than near the HeII 

and H emission lines. 

linear Polarimetry 

The Steward 2.3m telescope and Minipol polarimeter were used 

13 June 1981 U.T. to search for 1 inear polarization at phases 0.84 

and 0.29, each at >.4000 and >.8000. No linear polarizaton was 

detected to ali mit of ±0.48. Thus neither component had a 

measurable magnetic field. 
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D. The BE UMa Components--A Reexaminaton 

The form of the primary energy distribution and the photon 

flux incident at the secondary surface determine the nature of the 

secondary reprocessing component. In the case of BE UMa, these 

parameters are closely related to the primary star temperature Tp and 

the primary surface gravity gpo The ranges of possible values 

derived in previous papers for these two quantities are thus rather 

disconcerting: 4 i Tp(104K) i 13 and 7 i log gp(Cgs) i 8. 

Before proceeding with an ;mproved analysis, it is 

instructive to review certain assumptions of previous studies. 

Margon, Downes, and Katz (1981) assumed the primary was a white dwarf 

of 0.7Mo and that the secondary was an M2V main sequence star. They 

a 1 so chose a secondary reprocess i ng effi ci ency of uni ty to estimate 

the primary temperature. Ando, Okazaki, and Nishimura (1982) used 

the mass-luminosity relation of Cox and Giuli (1961) for helium main 

sequence stars because the helium main sequence lies near the sdO 

stars. Crampton, Cowley, and Hutchings (1982) used the photoelectric 

V band 1 i ght curve of Ando, Okazaki, and Ni shimura (1982) to 

establish four pOints of eclipse contact although the data were a bit 

noisy; also, the U band results from the same paper were used to 

support a grazing eclipse interpretation. Yet the U band data at 

photoelectric minimum were comparable to sky level fluctuations. 

The absorption spectrum of BE UMa show; ng the pri mary was 

used to determine Tp and log gpo Figure 30 shows the BE UMa spectrum 

together with several other stars discussed in Wesemael, Green, and 
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Liebert (1983). For HZ 21, it was found that Tp = 50,000 ± 3,000K, 

log gp ~ 7, and log (He/H) = 0.5 ± 0.5 (see al so Koester, Li ebert, 

and Hege 1979), while Tp = 80,000 ± 20,000K, log gp ~ 7, and log 

(He/H) > 2.0 were estimated in the case of PG1034+00. Note that the 

subdwarf 0 star Feige 34 is presented for comparison, with log gp of 

about 6 (see also Greenstein and Sargent 1974). These results were 

derived from the model spectra of collapsed stars with mixed H and He 

composition of Wesemae1 et a1.(1983). 

The lack of Hel ~4471 in the BE UMa primary spectrum, unlike 

the HZ 21 observation, implies Tp l 65,000K. On the other hand, Tp i 

95,000K due to (1) the strength of the Brackett Hell 1 ines, (2) the 

significantly greater absorption due to H blended with Hell at ~4340 

and ~4861, and (3) the width and strength of Hell ~4686. The UV 

energy distributions of collapsed stars with 60,000 i Tp(K) i 100,000 

were so similar that the BE UMa ultraviolet energy distribution was a 

poor temperature discriminant. 

Clearly, the Feige 34 absorption 1 ines were narrower than 

those of the BE UMa primary. The latter's Hell absorption line 

profiles were more consistent with those of PG1034+00 and slightly 

narrower than those of HZ 21. For BE UMa, we thus estimate 6.5 i log 

gp i 8.0. The greater- strengths of Hy + Hell ~4339 and HS + Hell 

~4859 relative to Hell ~4540 and ~5411 show that hydrogen absorption 

is significant implying an intermediate BE UMa abundance ratio 

log(He/H) = 1.0 ± 1.0. Thus, the BE UMa primary is a DO white dwarf 

with a helium-rich atmosphere, but with detectable hydrogen; in this, 
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it is similar to the "comparison" star HZ 21 (Koester, Liebert, and 

Hege 1979) but is unl ike the cool DB white dwarfs with nearly pure 

helium atmospheres. 

To find the primary mass Mp' the secondary mass Ms' and the 

binary separation a, a light curve analysis similar to that by Ando, 

Okazaki, and Nishimura (1982) was performed but using the more 

precise Crampton, Cowley, and Hutchings (1982) mass function. Using 

our secondary star spectral type range, M1 V-M5V, the 2.d29 peri od, 

and the minimum primary mass specified by the mass function: f(Mp) = 

0.25M e, one can easily show that the orbital inclination i must 

exceed 84 0 • To better than one percent then, the mass function and 

Kepler's law gave respectively 

Mp/(l + Ms/Mp)2 = 5 x 1032 gm 

a3 = G(Mp + Ms)p2/4tr2 

(3) 

(4 ) 

where G was the gravitational constant and P was the binary orbital 

period. Hence Mp and a were easily calcuable for a given Ms 

(assuming 84 ~ HO) ~ 90). 

The V band light curve of Ando, Okazaki, and Nishimura (1982) 

exhibited an eclipse depth of mV = 1.2. The light remaining at V 

minimum was evidently due to contributions from the unreprocessed 

secondary hemisphere and perhaps a small reflection effect remnant 

(see Figure 25). Since mV = 16.1 at phase 0.01, just out of eclipse, 

the secondary visual magnitude must have been mQ 117.3. This was to 

be compared with the luminosity of the main sequence secondary star, 

whose mass and spectral type were chosen in the previous paragraph, 
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to give the distance modulus to BE UMa. 

Choices of secondary mass corresponding to MOV (certainly, 

the secondary was no earlier), M2V, and M5V were calculated. The 

spectral type, mass, absol ute magnitude, and radi i for these 

secondaries comprise columns 1 - 4 of Table 11 taken from Veeder 

(1974). Columns 5 and 6 show the minimum distance modulus and 

minimum distance, respectively. Column 7 gives the binary separation 

and column 8 shows Mp, both calculated using equations (3) and (4). 

An estimate of log gp independent of the primary absorption 

spectrum was avail ab 1 e. The appa rent pri mary vi sual magnitude m~ 

together with the distance modulus deduced from the secondary star's 

luminosity and spectral type gave Mq. A comparison of the high 

gravity pure hydrogen and pure hel i urn model s, Wesemael, Auer, Van 

Horn, and Savedoff (1980) and Wesemael (1981), respectively showed 

that the Eddington flux hardly varied with composition changes near 

).5500. The same two model sets showed that the Eddi ngton fl ux at 

).5500 was insensitive to temperature changes in the region 65,000 ~ 

T(OK} ~ 95,000. Hence, the primary surface area necessary to match 

the Mq from observations gave rp' Since Mp was known from the 

preceeding dynamical arguments, log gp followed. Table 11, column 9 

shows that 7.5 .5. log gp .5. 8.5, in excellent agreement with the 

absorption spectrum results and al so in agreement with the Cowl ey, 

Crampton, and Hutchings (1982) results. The combination of an 0.6Me 

log gp = 7.5 white dwarf (Greenstein and Sargent 1974 defined white 

dwarfs as stars with log gp 2 7.0) and an MOV - M5V secondary was 
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Table 10. A Summary of the BE UMa Infrared Observations 

Date Phase MJ MH MK 1 ogF J logFH logFK 
(JD 2,440,000+ ••• ) 

44952.04 0.18 14.84 14.27 14.01 -25.75 -25.72 -25.81 

44953.06 0.74 14.40 13.89 13.56 -25.58 -25.56 -25.63 

44956.04 0.44 13.97 13.62 13.37 -25.40 -25.46 -25.56 

45002.94 0.03 15.84 15.09 14.92 -26.15 -26.04 -26.18 

45003.87 0.44 14.0113.7413.79 -25.42 -25.50 -25.72 

45004.78 0.83 15.24 14.51 14.36 -25.91 -25.81 -25.95 

Table 11. BE UMa Component Parameters for Possible Secondary Types 

Sec. Sp. Ms 
Type (Me) 

MOV 

M2V 

M5V 

0.47 9.0 0.63 

0.39 10.0 0.50 

0.21 11.8 0.32 

(m_M)~ec Dist. a 
(m) (pc) (Re) 

8.3 

7.3 

5.5 

460 

290 

130 

7.7 0.70 

7.4 0.64 

6.5 0.50 

7.5 

8.0 

8.5 
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dynamically allowed if the orbital inclination exceeded 88 0 since 

then the eclipse duration would have equaled or exceeded the observed 

72 mi nute ti me. 

For the range of allowed primary and secondary combinations, 

the secondary is well within its Roche lobe suggesting that the 

original assumption of a non-evolved secondary is correct. Of 

course, the main sequence lifetime of an early to mid-M dwarf exceeds 

the presently-accepted age of the galaxy. 

E. The Reprocessed Component Model 

The emission line spectrum of BE UMa was modeled by 

considering the effects of the primary EUV radiation incident on the 

secondary's outer atmosphere or chromosphere. 

shall be call ed the "chromosphere ll
• 

Hereafter, this region 

Its similarities to 

chromospheres of normal late-type stars are obvious. The deposition 

of energy is of course totally different and from the opposite 

direction. It turns out that very few primary photons with A i 912A 

reach to depths appropri ate to the secondary photosphere ('t opt '\t I). 

The Model Assumptions 

1) The Incident Radiation. The primary star supplies all the 

EUV radiation necessary for the observed reprocessing radiation at 

the secondary surface. The pure helium, high-gravity star models of 

Wesemael (1981) were explicitly used to describe the incident 

radiation flux. As the primary contains substantial hydrogen in its 

atmosphere. this choice almost certainly resulted in an underestimate 
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of the number of photons blueward of A228 and a slight overestimate 

in the number of photons in the range AA228-912; however, the 

constraint did not greatly affect results, as will be shown. The 

log gp = 7QO models were used throughout because the shape of the 

primary energy distribution was quite insensitive to surface gravity 

and models at log gp = 7.5 were unavailable. The mean radiation 

intensity was then normalized to the (assumed) primary star radius 

(rp) and separation (a). Thus, the mean radiation intensity J\) 

incident at the secondary was 

J\) = Hv(rp/a)2 (6) 

where H was the appropri ate Wesemael (1981) tabul ated Eddi ngton 

flux. Results of the preceding analysis of the BE UMa observations 

were used to constrain the allowed values of T p' log gp' rp, r s ' a, 

and 0, the distance to the BE UMa system. 

2) The Underl yi n9 Secondary. The secondary's photospheri c 

energy distribution was assumed to be incident on the chromospheric 

layers from below. This radiation was approximated by assuming the 

source function was a black body at the secondary star effective 

temperature (Table 12, Veeder 1974). Although this approximation was 

quite crude, it turned out the secondary photospheric radiation 

hardly affected model results because the photospheric radiation 

contribution was negligible blueward of A3000 where the primary 

dominated the system luminosity. 

3) The Chromospheric Structure. The secondary outer 

atmosphere was modeled in the plane-parallel approximation with limb 
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effects neglected. Radiation from the primary was assumed to enter 

the secondary atmosphere head-on as though the secondary resembled a 

pi e ti n (the pl ane-parall el assumption). The secondary atmosphere 

metal abundances were assumed to be solar; elements included in the 

analysis were H, He, C, N, 0, Ne, Mg, Si, S, and Al. All 

chromospheric quantities were parametrized by z, the distance inward 

into the secondary outer atmosphere (chromosphere) from the zero 

point. The zero point thus represented a point in the secondary 

outer atmosphere above whi ch only a negl i gi b 1 e fract i on of the EUV 

photons i nci dent from the pri mary were absorbed. The chromosphere 

was divided into 1 ayers, each with a thickness z = 1 x 106cm such 

that the model was halted in about 50 steps after either of two 

conditions were sati sfi ed: (1) the hydrogen continuum opti cal depth 

just blueward of the Balmer edge exceeded unity or (2) essentially 

all photons blueward of A912 were absorbed. The former condition was 

included because consideration of radiation into deeper layers must 

necessarily involve a rigorous treatment of hydrogen atom level 

populations in detailed balance with the optically thick Balmer, 

Paschen, and higher level continuua. Such an analysis would be 

further complicated by the effects of high Balmer continuum optical 

depths on collisional cooling line efficiencies. The perfect gas law 

was assumed to apply throughout the secondary chromosphere; however~ 

the chromosphere was not in general isothermal. 

F. Quantitative Calculations 

1) The Method. An iterative procedure was used to find 
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densities, (elemental) ionization fractions, and electron 

temperatures of the layers consistent with nonscattering radiative 

transfer mechani sms and the perfect gas 1 aw in the secondary 

atmosphere layers. Figure 34 is a flowchart describing the process. 

In the first iteration, each layer was first calculated 

independently of the others and contributions to the radiation field 

from the secondary were neglected. (1) The ionization structure was 

determined by a balance between photoionizations and recombinations 

using equations (8) and (9) (to be discussed in the following 

sections). As metal abundances were small, only contributions to the 

electron gas from ionized hydrogen and helium were included. Thus, 

the number densities (ne, nHI, nHII, nHeI, nHeII' and nHeIII) were 

calculated in a self-consistent manner. (2) Using the calculated 

electron density, the number densities of all other ions were found 

from the local photoionization-recombination balance. Local heating 

due to photoionizations of H, He, and metals was compared with local 

cooling from such processes as hydrogen and helium free-bound cooling 

along with collisional line emission. If Te at the end of the 

iteration differed by ~ 2% from the prior value, the electron 

temperature was changed in the appropriate direction and the 

photoionization structure in the layer under consideration was 

recalculated. Iteration proceeded until thermal balance was 

obtained. Successive layers were treated until all hydrogen ionizing 

photons were used up or the Balmer continuum optical depth exceeded 

unity. 



'"""--- 'NO 
(next l~r) 

&.....----NO 
(iterate density) 

START 

CHOOSE AN UPPER-MOST ATMOSPHERE 
STARTING DENSITY AND ELECTRON 
TEMPERATUR 

CALCULATE Net NHII NHII , NHeI , 
NHeII t and NHe 

ALCULATE METAL ION SPECIES 
ABUND 

YES 

CALCULATE OPTICAL DEPTHS BACK UP 
THROUGH THE 

RENORMALIZE THE DENSITY E. 7 

CALCULATE LINE FLUXES 
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(direction of 
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Figure 34. Flo~~hart describing the BE U~a reprocessing model. 
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With this ionization structure, optical depths at all 

frequencies were calculated back upwards layer by layer through the 

atmosphere. The frequency gri d was chosen to match that gi ven for 

the primary star by Wesemael (1981) for convenience. Contributions to 

the heating rate from the secondary photospheric radiation field were 

included in subseque"nt iterations. Preparatory to solving all layers 

in a self consistent manner, the total hydrogen number density nH was 

renormalized starting with the bottommost layer. That is, for each 

successively higher layer at a depth z - Az, a new hydrogen number 

density was calculated according to 

(7) 

This comes from assuming a perfect gas, where Az is the fixed depth 

of each layer and d is the local hydrostatic scale height which 

varies with layer temperature. Other element densities were scaled 

to nH according to sol ar abundance ratios. The "new" nH density was 

compared with the corresponding value from the previous iteration. 

If they differed by more than 2% in any layer, every layer was 

assigned its "new" hydrogen number density and the photoi oni zat ion 

structure was recalculated. Thus, the process continued until a 

self-consistent set of element densities, fractional elemental 

ionization values, and electron temperatures were obtained for all 

layers. 

2} The Eguations--Photoionization and Recombination. The photo

ionization rate of species Xi is given by 
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nxi+1Rpi = nXifm 4na (Xi)J exp(-T )dv/hv (8) vOl v v v 
where av(X i ) is the photoionization cross section, voi is the 

photoionization threshold frequency, and the optical depth T into 
v 

the secondary chromosphere is included explicitly. Only ions with 

ionization energies corresponding to photons redward of AIOO were 

included. 

Most photoionization cross sections were expressed in an 

analytic fit parametrized by several constants as introduced by 

Seaton (1958). The fits to hydrogen and hel ium species were taken 

from Kwan and Krolik (1981). CIV, NV, and OVI cross sections were 

taken from Flower (1968): Henry (1970) provided the other C, N, 0, 

and Ne ionization species cross sections. The All, Sil, and Sill 

data were from Chapman and Henry (1971b) while corresponding values 

for SI, SIl, SIll, and SIV were taken from Chapman and Henry (1971a). 

Photoionization cross sections for MgIII and MgIV were found in 

Seaton (1958). Other photoionization cross sections, those for MgI, 

MgII, Silll, SiIV, SV, SVI, AlII, A1III, and A1IV, were interpolated 

1 i nearly from the two closest data poi nts tabul ated by Reil man and 

Manson (1978). 

The continuum optical depth at a given frequency TV is the 

sum of contributions from several processes. For the HI and Hell 

bound-free processes, levels 1 through 8 were considered using the 

Mihalas (1978: p101) absorption cross sections. The free-bound 

absorption coefficients of Hel and all metal ions were taken as the 

respective photoionization cross sections (i.e. atomic upper levels 
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were not considered). Hydrogen, Hell, and HellI free-free absorption 

coefficients were also taken from Mihalas (1978: p102) in the 

hydrogenic approximation. The He- absorption coefficient formulation 

was taken from John (1968) while the l10pacity was treated as in 

Williams and Ferguson (1982a). The optical depth at a given distance 

into the secondary atmosphere was simply the sum of the optical 

depths of the listed processes in each layer coadded to the optical 

depths of all the other layers above the physical depth in question. 

When considering optical depths to photospheric radiation from the 

secondary, of course only contributions from layers below the 

physical depth in question were coadded. 

Photoionizations were balanced by recombinations. That is 

nXiRpi = nenxi+1a(xi+1 ,Te) (9) 

where a(X i+1,Te) is the recombination coefficient to species Xi at an 

electron temperature Te. All recombination coefficients were taken 

from Aldrovandi and Pequignot (1973) who expressed the recombination 

coefficient of each ion in parametric form with temperature 

dependence. Both radiative and dielectronic recombination were 

considered. The dielectronic recombination coefficients were reduced 

to .05 of their nominal value to account for collisional 

reionization, extrapolating the results of Davidson (1975) to 

densities in the range 1012-14cm3. The sole observable effect of 

this change was to modify the strength of the CIII emission lines as 

will be discussed. The aluminum recombination coefficients were 

equated to those for the magnesium representative of the same 
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isoelectronic sequence except for All where the Sill recombination 

coefficient was substituted. 

Equation (9) neglects the effects of collisional ionization 

and the inverse process, three body recombination. The collisional 

ionization rate equation and collisional ionization coefficients from 

Krolik and McKee (1978) were used to calculate the collisional 

ionization rates of hydrogen levels 1 through 6. Invariably, the 

ratio of the photoionization rate to the ground state collisional 

ionization rate for hydrogen was> 1015 in the bottommost layer where 

the higher densities most favored the collisional ionization process. 

Since nearly all hydrogen atoms in the optically thin Balmer 

continuum regions were in the ground state, collisional ionization 

effects were ignored. The three-body recombination rate, calculated 

by considering detailed balance in the lTE limit, was also negligible 

compared with the two body recombination rate at model densities. It 

is of interest to note that the collisional ionization rate became 

comparable to the photoionization rate at level 3 of hydrogen in the 

bottommost layer--a realistic treatment of radiative transfer at 

larger optical depths in the Balmer continuum would have to include 

collisional ionization and related processes. 

3) The Equations: The Thermal Balance. The electron 

temperature of each layer was determined from a balance between 

heating and cooling processes. Heating due both to free electron 

absorption and photoionization absorption processes were included. 

For all el ements but hydrogen, the threshol d frequency" oi was set 
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equal to the ground state ionization frequency. Ionization edges to 

n = 8 were cons i dered for hydrogen. With the free-free absorpt ion 

threshol d frequency set to zero, the heat i ng rate ina gi ven 1 ayer 

due to a process involving species i is 
<lO -T -T I 

Gi = f ni4navi(Jvprime v + Jvsece v )h(v-voi)dv/hv (10) 
vOl 

where contributions to the mean intensity from both the primary and 

secondary are included. Here, h0-voi) is the energy weighting term. 

The optical depths and photoionization cross sections were calculated 

in the same manner as was used to determine the photoionization 

rates. LV I is simply the optical depth from the bottommost 

photoionization layer to the layer under consideration. ni is the 

number density of the ion absorbing the photons. Contributions to 

the heating from all ions were coadded with the free electron heating 

to give the total heating rate. 

Several processes contributed to the cooling rate: hydrogen 

and helium free-bound recombination emission (LR), free-free emission 

(LFF ), and collisional line cooling Li12. In cgs units, they are 

(11 ) 

(12 ) 

(13 ) 

In the optically thin Balmer continuum regions, the on-the-spot 

approximation was assumed val id and case B hydrogen recombination 

coefficients were interpolated from values given by Osterbrock (1974) 

using a 4th order polynomial fit. The HeI and HI recombination 

cooling coefficients were set ~qual because both sets of radiative 
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recombination coefficients have very similar values and the 

recombination cooling coefficients are simply the free electron 

energy-weighted radiative recombination coefficients. Of course, the 

SB(HeII,Te) were identically hydrogenic. The contributions of the 

metal ions to free-free cooling are negligible at solar abundances 

because these species consitute but a small fraction of the (mostly 

ionized) combined hydrogen and helium number density. Similarly, 

metal ion cooling is negligible except perhaps in the uppermost 

chromospheric regions where HellI dominates. These regions do not 

significantly contribute to optical line emission, as will be shown. 

Li12 refers to cooling by species i due to collisional excitation 

from level 1 to level 2. The statistical weight of the lower (1) 

level is gl' X12 is the excitation energy of the 1-2 transition, 

while 0(1,2) is the collision strength for the 1-2 transition. The 

line cooling is almost entirely due to resonance line emission of 

certain metal ions: Cll >.1335 (Osterbrock 1963), CIII ).977 

(Osterbrock 1970), CIV ).1550 (Osterbrock and Wallace 1977), NV ).1238 

(Osterbrock and Wallace 1977), Mgll ).2800 (Osterbrock and Wallace 

1977), Sill ).1808 (Roberts 1970), SiIlI ).1206 (Osterbrock 1963), SiIV 

).1400 (Osterbrock and Wallace 1977), and Al III ).1860 (Osterbrock and 

Wallace 1977) where the collision strengths for each line were 

obta i ned from the respect i ve references in parenthesi s. The 

collision strength of AllII ).1860 was approximated as being equal to 

that of Si IV ).} 400 because they are both members of the same i so

electronic sequence (Williams 1983). As only electron densities ne l 
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1012cm-3 were considered, intercombination and forbidden line cooling 

transitions were neglected. 

4) The Eguations--The Line Formation Mechanisms. The BE UMa 

optical emission lines from the upper atmosphere are produced by two 

processes: cont i nuum fl uorescence (CF) and recombi nat i on (RC). 

Consider the single ion timescale relevant at ne = 101~5cm-

3, Te = 20,000K, and with median primary star and binary separation 

values (Table 11). The photoionization time is about 10-1.5s from 

considerations similar to those used in equation (8). The 

collisional deexciation time is the inverse of the collisional 

deexcitation rate neq21 

neq21 = 8.63 x 10-6nen(1 ,2)/(g2Tel/2) (14) 

so that the collisional deexcitation timescale is 10-6s. The 

Einstein A values (Aij between levels i and j) for allowed 

transitions give the radiative deexcitation time as roughly 10-8s. 

The time between successive EUV resonance excitations (t res '" [A12J 
v 

12]-1) is approximately 10-2s. A comparison of these timescales 

shows that a BE UMa chtomospheric atom spends nearly all its time in 

the ground state. After excitation by resonance fluorescence, nearly 

all deexcitations are radiative rather than collisional. 

Hence, the formation of CF lines is possible because the 

continuum EUV radiation received at the top of the secondary·s 

chromosphere is far in excess of what the secondary could produce 

were it in LTE with an electron temperature determined by a balance 

of heating and cooling rates; that is, Te i 25,OOOK as will later be 
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shown. Williams and Ferguson U982b) considered the CF process and 

found the emissivity of the optical transition 2-3 of species Xi to 

be 

ni [A23g2 A21 3 / (gl A23)] [J \l12exp ( -"(\112)] 

2tr[1 + A12-1~\,A2k'] 
(15 ) 

where equation (15) has extended their results to include the 

depopulation of level 2 from radiative transitions other than 2 to 1: 

this effect was important only when considering CF of HI and Hell. 

The A2k' are the appropriate Einstein A coefficients. The 1-2 

transition is excited by the continuum radiation field of mean 

primary star intensity J\l12 at the resonance wavelength A21' The 

atom then has a sl i ght chance of decayi ng vi a 2 -3 instead of 2 -lor 

2-k', typically about 1%. Collisional excitation doesn't populate 

level 2 because the required energy for the 1-2 transition is too 

high. 

Optical depth effects due to resonance line absorption may be 

negl ected in the metal 1 i nes at sol ar abundance rat i os. The 

line optical depth of species i at line center is 

"(L = fZn; a\lO;dz ' (16) 
o 

integrating into the secondary atmosphere where a\l oi ; s the 

absorption cross section at line center given by the well-known 

expression 

(17) 

Here, e is the electronic charge (esu), f12 is the oscillator 

strength of the 1-2 transition, mH is the hydrogen atomic mass, and 
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6
Y

D = A-l[2kTe/(~mH)Jl/2 
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(18 ) 

The mean molecular weight of the species is~. All Einstein A values 

and osci 11 at or strengths were taken from Wei se, Smith, and G1 ennon 

(1966) except where noted in the results discussion. The CF 1 ines 

typically had TL 'V 102 ; however, this neglects scattering. 

Chandrasekhar (1960) considered the pure scattering case (no 

absorption) and found only 37% of the incident radiation was 

scattered back out of an infinite atmosphere while 63% of the 

incident radiation succeeded in penetrating the entire atmosphere. 

The result was independent of the (1 arge) scatteri ng opt i ca 1 depth. 

That is, the optical depth of the resonance transition may be 

neglected in these preliminary calculations. With destruction of 

resonance photons by either continuum free-bound processes or 2-3 

transitions, the approximation of neglecting resonance line optical 

depth is improved. 

The line optical depths of the 2-3 transitions could not a 

priori be neglected; however, calculations showed all transitions had 

\ < 1 (equations 16-18). The Balmer continuum optical depth, less 

than unity for all model layers considered, was however included in 

equation (15). For the HI and Hell CF lines, optical depth effects 

were extremely important as will later be discussed. 

The recombination process can also produce observed emission. 

In this case, the total line emissivity is 

(19 ) 
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where Xi+l is the RC parent species and ~ is the fraction of the 

total number of recombinations yielding the line of wayelength~. RC 

lines of species Xi always resulted from the layer where ion species 

Xi+l predominated. Hence, the RC spectrum of species Xi was produced 

mainly above where most contributions to the CF lines of Xi were 

generated. 

As with the CF lines due to metals, the metal RC lines had 

line center optical depths of less than one so that the metal line 

fluxes observed at the earth were calculated in the optically thin 

approximation 

(20 ) 

The Model Grid 

The possible ranges for the parameters ~f the BE UMa system 

were constrained by observations or discussed previously. Thus, 

three sets of models were run using the system parameters given in 

Table 11. Each set consisted of models for three assumed Tp values: 

60,OOOK, 80,OOOK, and 100,OOOK (thi s brackets the range for T p 

derived earl ier). 

G. Resul ts 

The Temperature and Ionization Structure in the BE UMa Atmos

phere. All models showed several features in common. Firstly, 

photons blueward of ~28 were always essentially completely absorbed 

at densities an order of magnitude less than those at which most 

optical line formation occurred. Unlike in HII regions, helium 
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remained singly ionized to the depths at which the models were 

terminated; that is, no regions were found at which HeI and HII 

coexisted in significant amounts. The model did not treat ionization 

of hydrogen by Hell 1-n lyman resonance photons; however, they would 

no doubt have been absorbed within the next deeper layer as optical 

depths increased rapidly into the secondary. The difference in the 

helium ionization structure between planetary nebulae and the BE UMa 

chromospherre is easily attributable to the much stronger BE UMa EUV 

component. The i oni zat ions of the meta 1 spec i es were observed to 

decrease smoothly into the secondary atmosphere. 

The electron temperature (Te) structure varied little amongst 

the model s; in general, the 60,000K primary model s yielded el ectron 

temperatures only about 2,000K cooler than those from what is 

defined as the "standard" model which has a log gp = 7.0 100,000K 

pri mary and an MOV secondary. Fi gure 35 shows the el ectron 

temperature variation with distance into the secondary atmosphere. 

Note that the density increased nearly exponentially because the 

electron temperature (and hence the local pressure scale heights) did 

not vary by much in the reprocessed secondary atmosphere. The 

electron temperature structures in all models were dependent on 

metal ionization. Figure 36 shows the fractional ionization of 

several species important for cooling or emission line formation with 

di stance into the secondar'y atmosphere for the standard model. C I V 

A1550 was the major coolant throughout, about 70% of the total 

coolant. Hydrogen free-bound contributed 15-20% while the sum of all 
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Figure 35. Electron temperature in the BE UMa secondary atmosphere. 
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free-free processes were responsible for about 7% of the cooling. In 

the several bottommost layers, CII >.1335, CIII >..977, and SiIV >.1400 

each contributed 1-8% of total cooling. NV >..1238, Sill >..1800, SiIII 

>..1206, and A1II1 >..1860 collisional line cooling all contributed but 

negl i gi bly to the total cool i ng throughout the model s. The sl i ght 

increase in temperature with depth seen in all models (eg. Figure 35) 

was due to two effects. Firstly, increasing hydrogen Paschen optical 

depths, though still less than unity, inhibited recombinational line 

cool ing. More importantly, the increased energy deposited in the 

somewhat more optically thick layer required more efficient line 

cooling and hence higher temperatures (equation 13). It is notable 

that the hydrogen Lyman continuum optical depths exceeded unity at ne 

~ 10I3cm- 3 in the standard model. Thus, the case B approximation 

1 i kely underest i mated the cool i ng due to hydrogen free-bound 

processes and hence overestimated the collisional line cooling. 

While this effect should not have resulted in large deviations in Te 

from the calculated result (due to the exponential dependence of 

collisional line cooling upon temperature), the slow electron 

temperature rise into deeper layers may not in fact occur. The 

hydrogen Lyman continuum remained optically thin throughout the 

chromosphere in the standard model with Tp changed to 80,000K. The 

line coolant MgII ).2800 was not included in calculations even though 

the photoionization-recombination balance predicted substantial MgII 

in the bottommost 1 ayers. This was because MgII ).2800 cool i ng was 

insufficient to lower the electron temperature below I6,000K in any 
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model; thus, the Saha equation predicts that Mg remains in its doubly 

ionized state. The same argument applies more strongly to Call ~3934 

cooling; note that these lines are not precluded from contributing to 

cooling in the optically thick Balmer continuum layers, however. 

Formation of the Emission Lines 

The standard model predicted significant metal line emission 

from both CF and RC processes. The elements C, N, and 0 were 

explicitly treated: the appropriate Grotrian diagrams are given in 

Append; x A for reference. The standard model, havi ng negl ected the 

deeper continuum-producing regions, did not account for the effects 

of the continuum on line flux determination. The echelle data showed 

that the metal 1 ines had Doppl er widths of less than instrumental 

resol ution: 0.20A. Yet many metal 1 ines were visible at the 3-4A 

resolution of the slit spectroscopy; that is, intrinsic line peak 

fluxes were at least 15 times higher than the observations which were 

limited by instrumental resolution. As Figures 32 and 33 

demonstrate, the intrinsic line peak fluxes for the weakest lines are 

at least four times the underlying continuum fluxes. Therefore, 

neglecting the continuum in calculating the standard model line 

fluxes resulted only in comparatively moderate errors, ±2S%. 

Consider first the metal RC lines. Table 12 lists the 

recombination lines produced in the standard model. The fraction of 

the total number of recombinations yielding the line of wavelength 

~ (equation 19) was set to 0.10 for all metal lines. These imprecise 

approximations, selected without prior knowledge of line fluxes, were 



Table 12. Metal Recombination lines 112 

Species Wavelength Tenn Flux Ratio 
>-(A) (Model/Obs) 

eIII 4070 5g3G-4f3FO 1.3 
5696 3d10-3p1 po 2.8 

C I I 4267 2s24f2~O-2s23d20 
6462 2s25g G-2s24f2FD '-

all 4639-4696 3p40D_3s4P 1.3 
4414-4418 3p20D_3s2P 1.7 
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made necessary by the lack of published metal line recombination 

coefficients and could be in error by as much as ±100%. The observed 

CIII A4070 line flux was obtained from Ferguson et al. (1981) and 

adjusted for phase effects. The CII RC line fluxes were both 

predicted and observed to be undetectable. Hence, model and observed 

1 i ne fl uxes were cons i stent to withi n a factor of three--adequate 

agreement considering the uncertainties in E;" object distance, log 

gp' and T p. For exampl e, changing the pri mary temperature to 

80,OOOK, all other system parameters kept constant, reduced model 

RC line fluxes by 1/2. Thus, the RC line comparison did not clearly 

discriminate between model parameters. 

Tabl e 13 1 i sts emi ssi on 1 i nes caused by the CF process. A 

"feed" line occurs when several 2-3 CF transitions themselves 

populate an upper level of an optical transition. Table 13 column 5 

contains two types of entries. If Einstein A values were available, 

CF line strengths were modeled and the ratio of model to observed 

line fluxes are given. Otherwise, the "yes", "no", and "question 

mark" symbols indicate whether or not lines were actually observed. 

One line, CIII A5250 was both predicted and observed to be 

undetectable. All Einstein A values were taken from Weise, Smith, 

and Glennon (1966) except for the NIII A4640 value which is listed in 

Kurucz and Peyt remann (1975). 

As the ionization structure suggests (Figure 36), the lack of 

singly ionized C, N, or 0 in appreciable amounts throughout the 

reprocessing region precluded strong CF from these species in the 
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Table 13. Metal Continuum Fluorescence Lines 

Species Wavelength Resonance Term Actually 
A(A) A(A) Obs (YIN) 

ClV 5805 312 2s2S-3s2S-3p2po >5.4 

CIll 5250 291 2s1S-5p1po-4d10 N 
5483 274 2s1S-6p1po-5d10 ? 

4255-4258 341 2p3pO-5d3O-4d3g Y 
4378-4388 feed 5p3po-4g 0 Y 
4515-4516 348 2p3po-5s3S-4p ~o .15 
4647-4651 feed 3p3pO-33 S Y 
4672-4673 319 2p3po-7d30-5p po Y 
5159-5161 321 2p3po_7s3S_5p3po ? 
5409-5410 319 2p3po-7d3O-5f3Fo ? 

NIlI 4098 feed 2s3p2po-2s3s2S ? 
4543 300 2s2 p2po-2s5s2S-2s4p2pO ? 
4640 374 2s2p2pO-2p3d20-2s3p2~O .51 
4818 315 2s2p2pO-2P3d200-2p3~ P Y 
6515 306 2s2p2po-2s3p2S-2s4p po .34 

4511-4535 396 2p4p_3p40_3s4I?o N 
5261-5314 358 2p4p-3d4po-3p4p N 

0111 5268 320 2p10-3d1 pO_3p1 S .86 
5508 328 2p1O-3d10o-3p10 1.01 
5592 feed 3s1po-3p1p Y 



115 

standard model. Thus, several lines not listed in Table 13 were both 

predicted and observed to be undetectable: CII A4637, CIl A6258, NIl 

A4447, NIl A4487, NIl A5474, NIl A5946, NIl A6284, and OIl A4145. 

The NIll observed CF line behavior is entirely consistent 

with the standard model results. The doublets of NIll give a CF 

spectrum from the 2s2 p2po ground state. No observable quartets were 

expected. Consider the quartet component A4543 and the doublet 

A4640. The Boltzmann equation gives 0.03 as the relative level 

population at Te = 20,000K. Each quartet member is well separated 

from others so that degeneracy does not result in stronger individual 

1 ines. The two resonance frequencies are quite close so that the 

primary energy distribution does not strongly affect the relative 

strengths. Hence FA4640/FA4534 = 34 even if NIII A4534 is assumed to 

share the same large Einstein A value with NIll A4640. This result 

is consistent with the absence of NIII A4534 from observed spectra. 

The large, easily measurable flux of the pure CF line NIlI 

A4640 provided the best test of standard model line flux precision: 

that the model ed 1 i ne strength was 0.51 of observed fl ux was very 

encouragi ng. Just changi ng the pri mary star temperature to 80,000K 

reduced the modeled-to-observed ratio of line strengths to 0.12. 

Indeed, it would seem that Tp = 105,000K would have provided the best 

fit CF line fluxes but no such model was available to verify this 

extrapolation. Recall that such a Tp value was not consistent with 

the observed strengths of Hell and H absorption in the primary star's 

spectrum (section 0). All CF line strengths dropped dramatically 
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with decreasing primary star temperature or radius. Thus, the 

reprocessed CF emission model predicts Tp > 80,000K for log gp = 7.0, 

the largest radius permitted from observations (log gp = 7.5 ± 0.5). 

The 0111 singlet spectrum too was consistent with the CF 

mechanism: the ground state is but 2.5ev below the 2p10 singlet 

bottom term so the Boltzmann population ratio is 0.14 at, say, Te = 

20,000K. Had the ).).3400-3500 wavel ength region been observed with 

good signal to noise, the 01I1 ).3429 continuum fluorescence triplet 

(Williams and Ferguson 1982b) would likely have been detected. Note 

that the Bowen fl uoresence mechani sm with whi ch thi s mult i p1 et is 

often identified requires a very high Hell ).304 mean intensity. In 

BE UMa, though, the Hell emission can only meet the 20,000K LTE 

Planckian envelope which is very depressed at the Wien tail 

wavelength of ).304. Otherwise, the Hell level 2 would become 

overpopulated with respect to the Boltzmann equation. This is an 

impossible situation because collisional deexcitations occur much 

more often than photoionizations. The only way to produce 

significant Bowen emission in this photoionization scenario would be 

to increase radically the local electron temperature. There is 

strong evidence for X-ray heating doing just this in HZ Her 

(Strittmatter et ale 1973; Margon and Cohen 1978). 

The observed CIII CF spectrum was more difficult to reconcile 

with model results. Several CIII triplets but no CIII singlets were 

observed. The CIlI triplet bottom term is 6.5eV above the singlet 

ground state term. Thus, el ectron temperatures exceedi ng 20,000K 
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were required to populate the triplet bottom term via the Boltzmann 

equation sufficiently to allow significant CIII triplet CF. The only 

observed triplet for which an Einstein A value was available, elll 

A4516, was too weak by a factor of six in the standard model. 

Indeed, the undetected elIl A5250 line was modeled to be 2.3 times 

stronger than ell I A4516. Recall that the arbitrary reducti on of 

dielectronic recombination to account for collisonal reionization was 

an extrapolation. Eliminating dielectronic recombination entirely 

(equivalent to assuming very efficient collisonal reionization) 

caused the electron temperature to rise to 22,OOOK in the deeper 

layers because the fractional ionization of the efficient coolant CIV 

was reduced. The model then showed that CIII A4516 strength was 

increased to within 15% of observed values, excellent agreement. 

Further, CIII A4516 was then only slightly weaker than CIII A5250, an 

acceptable state of affairs because the IIt'ed" spectral scan (Figure 

33) was of somewhat lower resolution than the IIblue ll scan (Figure 32) 

and the A5250 region was rather noisy anyway. 

The CIII A4650 blend was the strongest high excitation metal 

emission line in the BE UMa spectrum. It is a IIfeed ll line in the 

sense that the CF mechanism populates the 3p3po level indirectly 

through other levels (see Appendix A). In the case of CIII A4650, 

several unobservable UV CF transitions populate this level. The 

level population will likely be considerably enhanced over one's 

initial estimate because the higher frequency 2-3 transitions will 

typicaly have larger Einstein A values than their optical 
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counterparts. Two of these have only one allowed decay path other 

than through 3p3po (Castor and Nussbaumer 1971). The absence of 

published Einstein A values again prohibits a quantitative 

calcul ation; however, an enhancement by a factor of five over the 

typical Clll CF line strength is quite likely, about as observed. 

The Castor and Nussbaumer (1971) failure to account for the strength 

of Clll ~4650 in Wolf-Rayet stars was almost certainly due to their 

consideration of only the lowest 14 terms, thus neglecting several of 

the most important "feeds" into the CIII ~4650 upper level. An 

additional factor that might influence the relative strengths of the 

CF lines is the character of the EUV radiation JV12 (equation 15). 

In the case of BE UMa, the appl icable Wesemael model s do not give 

large differences in continuum slope over ~~290-450 but a larger 

resonance line wavelength difference or significantly higher primary 

star temperatures could affect the emission line relative strengths. 

The successful interpretation of CIII ~4650 in terms of the CF 

mechanism represents a major success of the model. 

The ClV ~5805 CF 1 i ne was not detected though the standard 

model predicted that the line should be easily seen. Indeed, a 

primary star temperature of 85,OOOK or less would be required to 

reduce modeled CIV ~5805 sufficiently. Eliminating CIll-CIl 

dielectronic recombination allowed slightly higher primary star 

temperatures; Tp i 90,OOOK, interpolating between the 80,OOOK and 

100,OOOK models. Even so, this result is inconsistent with the 

somewhat higher temperatures required to produce sufficient strengths 
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in other CF lines. Again, the uncertainties particularly in some 

critical transition rates preclude using the metal line spectrum to 

estimate Tp' 

Helium remains singly ionized essentially throughout the 

chromosphere layers. Equations (16) through (18) give the optical 

depth~ at line center for the Hell l4686 CF resonance transition, 

l243, to be 102• Hence, nearly every resonance photon is 

reprocessed. Unlike for metals, the term in the denominator of 

equation (15) nust be explicitly evaluated. Hell ).4686 saturates 

near the local Planckian (Te'V 18,000K); evidently, the Hell levels 

are at least weakly coupled to collisions although this effect wasn't 

modeled. Presumably, Hell l1640 would exhibit similar behavior but 

of course it is overwhelmed by the UV continuum. Hell l4541 and Hell 

l5411 do not contribute significant line emission for two reasons. 

First, their Einstein A values (equation 15) are considerably 

smaller. Secondly, their respective resonance transistions, l231 and 

l233, are so close to the Hell ).228 edge that they are absorbed quite 

rapidly through, for example, photoionizations of CIII and NIII. The 

0.7A FWHM observed for Hell l4686 was thus somewhat higher than the 

predicted 2AAD = 0.3A; however, thi s model has negl ected resonance 

photon scattering, secondary cascades from higher level CF processes, 

and of course the O.IA secondary orbital Doppl er broadening. Thus, 

the CF mechanism produces a suprisingly strong HeII >.4686 emission 

line at the BE UMa secondary. 

With nearly all helium singly ionized, it was not suprising 
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that the HeI case B RC calculations gave line strengths comparable to 

observed values; for example, F)"4921 (model)/F),.4921 (obs) = 0.6. 

However, the true HeI 1 i ne strengths are certai nly dependent upon 

processes in the deeper optically thick layers this model doesn't 

consider. For example, the rather flat HeI decrement would seem to 

indicate that the 2p3po and 2p1po levels are rad'iatively populated in 

much the same manner as level 2 in hydrogen. Thus, the optically 

thick hydrogen Balmer continuum regions must be considered to 

calculate the HeI line strengths more precisely. 

Observational Constraints on the Physical Conditions in the 
Optically Thick Hydrogen Balmer Continuum Region 

While the hydrogen Balmer line producing region was not 

modeled, the observations allowed rough estimates of electron density 

and electron temperature within the Balmer line formation zone. 

The relationship between Stark broadening due to large 

electron densities and the highest n observable Balmer transition is 

known as the Inglis-Teller relation (c.f. Mihalas 1978). H14 was the 

emission line closest to the Balmer jump that remained separable so 

that ne ~ 2 x 1014cm-3 (this result was not affected by instrumental 

resol ution). Consideri ng that the standard model became opt i ca 11 y 

thick just blueward of the Balmer jump at ne = 6 x 1013cm-3, the 

agreement is quite good. The hydrogen emission lines form 

predominantly just below the model bottommost layer. 

The lower el ectron temperature 1 i mit was 1 ess preci see 

Possibly the best discriminant would have been the strength of 
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coll isionally excited MgII n2795-2803. The one avail abl e ,spectral 

scan in this region (Ferguson et al.l981) was taken inconveniently 

close to eclipse. Then too, the primary continuum .begins to dominate 

even the reprocessed component blueward of A3000 so that even 

substantial MgII >.2800 emission might always be masked. If the BE 

UMa abundance ratios are near solar, then Mg/C ; 0.08 and the rather 

large strength of the MgII recombination lines would require the high 

density as viewed through the optically thick regions. Therefore, Te 

~ 13,000K from the Saha ionization equation. The absence of the 

collisionally excited Call K line in the BE UMa spectrum provided a 

fi rm lower 1 i mit to the el ectron temperature: T e > 11 ,OOOK. The 

flat Balmer decrement also required Tel10,000K (Williams 1980). 

Luminosity and Flux Redistribution in BE UMa 

The availability of sufficient EUV flux from the primary 

source to excite and ionize the facing secondary hemisphere was 

crucial to much of the preceeding discussion. The following 

calculation shows that enough UV radiation is intercepted by the 

secondary to account for the unique observed reflection effect 

emission line spectrum. Let Tp be the primary effective temperature 

and T rep the bl ack body temperature of the reprocessed component. 

Clearly, the spectra showed that the reprocessed continuum component 

was formed mostly from hydrogen free-bound radiation. Let us 

therefore approximate the resulting energy distribution as a black 

body whose temperature Trep corresponds to the optical reprocessed 
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component maxi mum near ).7500: Fi gure 29 shows the peak certai n1y 

occurs between ).6000 and ).10,000. Then equating the total integrated 

fl ux of the reprocessed component to the fraction of pri mary 

radiation intercepted by the secondary and solving for rp yields 

rp = 2a{Trep/Tp)2 (21) 

or 

(22 ) 

For Tp = 100,000K, 7.3 ~ log gp max ~ B.2 while a primary temperature 

choi ce of BO ,OOOK yi el ded 6.9 ~ log gp max ~ 7.B. The uncerta i nt i es 

are due to the range in possible peak black body wavelengths. 

However, the Balmer continuum component contribution was no doubt 

substantial given the large Balmer jump in emission. Thus, a primary 

star temperature in excess of BO,OOOK is predicted from the gross 

energy balance at the secondary, a result in agreement with and 

independent of the analytic model. 

H. Other Known BE UMa-like Stars 

Two additional binary systems might be expected to exhibit 

high-excitation reflection effect spectra due to their small 

component separations and hot primaries. They are Feige 24 and GK 

Vi r • 

GK Vir (PG1403+01: Green, Richstone, and Schmidt 197B) may 

be quickly rejected from further analysis. The secondary is five 

magnitudes fainter than the primary at V so that even a strong 

reprocessed component would have been masked by the primary. The 

dominance of the primary radiation and system complexity remove GK 
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Vir from consideration. 

While the Feige 24 system is not an eclipsing binary, it is 

enough inclined so that the visible H and He! emission lines are 

modu1 ated with phase over the system l s 4.2 day peri od i ndi cat i ng a 

reflection effect similar to that seen in BE UMa, although of lower 

excitation. The peak Ha equivalent width was 2.6A with a 

recombinationa1-1ike Balmer decrement (Thorstenson et a1. 1978) 

although the blue continuum almost certainly masked much of the 

higher level Balmer line emission. The Liebert and Margon (1977) 

results showed EW(HeI ).6678)/EW(Ha) 'V 0.16 and Call ).3934 was 

maximally about one half the strength of Ha. HeI ).4471 and HeI ).5876 

were also observed. The secondary was found to be M1V to M2V by the 

same authors. Wessel i us and Koester (1978) found T p = 61,000 ± 

5,000K and log gp = 7.9 ±. 0.9 from UV spectrophotometric 

observations. 

This system had a much less spectacular reflection effect 

emission line spectrum than did BE UMa. Nevertheless, Feige 24 

provides a useful check on the efficiency of the UV reflection effect 

process. If the primary is assumed to have a mass of Oo6M~ as is 

often the case for single white dwarfs (Koester, Schulz, and 

Wei demann 1979) and the secondary has the M2V mass of 0.39 M~ (A 11 en 

1973), Kepler's law yields a = 11Reo When the maximum allowed 

primary star radius corresponding to log gp = 7.0 and the hottest 

permitted primary temperature Tp = 66,000K are inserted in an 

equation (22) inverted to give Trep ' one finds Trep ~ 1500K. Hence 
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the optical continuum reflection effect in Feige 24 must be quite 

small with efficient cooling through the emission lines. Indeed, the 

Ba 1 mer decrement appeared recombi nat i onal in cont rast to that 

observed in BE UMa. A BE UMa-like photoionization-reprocessing 

effect model was run with the above Fei ge 24 parameters. El ectron 

temperatures were nearly constant at l4,000K over the 1010-12.0 

density range of the model. All recombination and continuum 

fluorescence metal lines were calculated to be undetectable, as 

observed. The strength of Call ).3934 was not calculated; however, 

its observed appearance is puzzling given the relatively high 

calculated electron temperatures. It is notable that M stars with 

active chromospheres may (all by themselves) produce strong Call 

).3934 and H emission (the dMe stars). Intercombination 1 ines, 

negl ected in thi s model, were important cool ants at the lower 

densities associated with the Feige 24 reprocessing effect and might 

have lowered temperatures sufficiently, however. In Feige 24 too, 

the efficiency of the reprocessing mechanism must approach unity. 

I. BE UMa--A Summary 

BE UMa is a detached eclipsing binary star, i > 85°. The 

primary star physical parameters are: log gp 7.5 ± 0.5, 10g(He/H) = 

1.0 ± 1.0, and Tp = 100,000 ± 10,000K. The secondary is a main 

sequence dwarf: M1 V-M5V. The two stars are separated by 6.5 ..$. a(Re ) 

i 7.7 so that the secondary easily fits within its Roche lobe. The 

distance to the system is about 300 parsecs. With y = 67 km-s-1 , BE 
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UMa is likely an old disk population member. The primary bathes the 

secondary in UV radiation that is reprocessed into optical 

wavelengths with an efficiency on the order of unity. That is, the 

primary provides nearly all the UV radiation. The reprocessed 

component, containing both continuum and emission lines, modulates 

with the 2.29 day period and dominates the system optical and 

infrared luminosity except near phase 0.00. The ionization and 

electron temperature structures of the reprocesed component are 

determined by a balance between photoionization and recombination 

processes. The reprocessed secondary atmosphere extends downward to 

densities ne = 1013.5cm-3 with el ectron temperatures near 20,000K 

throughout. Recombination and continuum fluorescence are two 

processes contributing to the formation of metal emission lines such 

as the strong GIll A4650 emission seen in the optical spectrum. 

Hell A4686 emission is also formed by the continuum fluoresence 

process. The reprocessed continuum, hydrogen Balmer lines, and much 

of the Hel emission (not treated in detail here) are formed in 

phys i cal 1 ayers beneath those where the hydrogen Bal mer cont i nuum 

becomes optically thick, resulting in the upper hydrogen levels 

becoming radiatively populated beyond their LTE values. Feige 24 is 

a binary system with similar properties although of considerably 

lower excitation. 



CHAPTER IV 

THE CATACLYSMIC VARIABLE EMISSION LINE SPECTRA 

This chapter discusses the connection between the emission 

line formation processes in BE UMa and in cataclysmics. A review of 

the emission line behavior of cataclysmic variables is first 

presented. A set of 13 cataclysmic variable spectra representing 

most types together with quantitative line flux data is given. 

Several new observational relationships concerning line behavior in 

cataclysmics are documented. The emission line spectra of BE UMa and 

cataclysmics are compared and several qual itative rel ationships are 

proposed. 

A. Classification of the Cataclysmic Variables 

The accretion disk cataclysmic variables have been 

categorized according to their light curve behavior. Classical novae 

have undergone one eruption caused by runaway thermonuclear burning 

of matter accreted onto the white dwarf surface. Recurrent novae 

have been observed to erupt more than once. For the classical novae, 

eruptive luminosities increase about MV = -15 from their non-eruptive 

"quiescent state ll vi sual magnitudes. 

The dwarf novae can also show IIquiescent ll (i.e. steady state) 

or "outburst" behavior. However, a dwarf nova outburst typically 

126 
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releases only about one ten-thousandth of the energy set free in 

novae eruptions (Cordova and Mason 1982). The three distinct 

subclasses of dwarf novae are differentiated by their outburst light 

curves. The subcl ass prototypes are U Gem, Z Cam, and SU UMa. All 

three subclasses feature outbursts (I!maximal!) of about two visual 

magnitudes. The U Gem stars invariably return to the quiescent 

state: typical time interval s between outbursts are measured in 

months. The SU UMa variables can, in addition, brighten optically by 

an order of magnitude over the quiescent state value--hence the name 

"supermaxima". These occur 1 ess often than SU UMa maxima, however. 

Z Cam stars behave much 1 ike U Gem variables except the outbursts 

last months or even years. While historically classified "nova -

1 i ke", the UX UMa subc1 ass may represent the extreme case of Z Cam 

behvior by remaining in perpetual outburst. Of course, the 

occaisional return of a UX UMa star to the quiescent state results in 

its reclassification. 

The nova-1 i ke cataclysmi cs are a very heterogeneous c1 ass. 

They inc1 ude the aforementioned UX UMa stars, together with the AM 

Her, VY Scl, AM CVn, and the "nova-1ike" subclass variables. The 

1 ast subcl ass (with regrettably the same name as its parent cl ass), 

the nova-likes, contains systems that closely mimic the properties of 

classical novae in quiesence but have never been observed to erupt. 

The AM Her systems contain a white dwarf with a surface magnetic 

field Bo ~ l07G• This magnetism is strong enough to force accreting 

matter into trajectories along the field lines and causes many 
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observable peculiarities unique to these stars (Liebert and Stockman 

1983). The two known AM CVn variables, the prototype and G61-29, 

appear to be very short peri od mass transfer bi nari es wherei n both 

stars are low mass hel ium degenerates (eg. G61-29: Nather, Robinson, 

and Stover 1981). The VY Scl variable subclass results from the 

spectral anomalies of a few dwarf novae and need not be treated here. 

B. The Structure and Radiation Components of Cataclysmics 

The mass accreting onto the primary conserves angular 

momentum by forming a disk in the binary orbital plane. Observations 

show that disk radiation dominates system stellar luminosity in the 

ultraviolet region (UV) and often dominates the optical continuum 

1 umi nos ity as well. The rema i ni ng accret i on energy must be 

dissipated primarily near the white dwarf surface as extreme 

ultraviolet radiation (EUV: c.f. Cordova and Mason 1982). A further 

component sometimes observed in CV systems is the "hot spot" which is 

formed where matter from the secondary impacts the outer accretion 

disk (Robinson 1976). Thus, the spectra of steady-state quiescent 

accretion disk cataclysmics may include contributions from the 

accretion disk, accretion disk-white dwarf boundary region, hot spot, 

and secondary star. 

1) The Accretion Disk. A steady-state accretion disk can be 

established if the rate at which mass is gravitationally removed from 

the secondary equals the rate for accretion onto the white dwarf 

together with mass loss from the system. For a given distance from 

the white dwarf, the accreted matter will have an energy specified by 
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the virial theorem. The amount of matter suspended in the disk at 

anyone time will be strongly dependent on the effects of local 

viscosity: mass will lose angular momentum and fall on the white 

dwarf surface more rapidly as disk viscosity is increased. The 

accretion gravitational energy available for radiative conversion 

determines that the disk bolometric luminosity will exceed that of 

the secondary and white dwarf together at accretion rates applicable 

to CVs. The entire accretion disk can thus be viewed as a 

superposition of concentric annul i, each with a temperature 

consistent with a bal ance between kinetic energy lost to radi ation 

andkinetic energy gained from conversion of gravitational potential 

energy (c.f. Pringle 1981). If the disk annuli are optically thick, 

the observed disk continuum is like a superposition of black bodies 

each at the temperature defined by the virial theorem and weighted to 

annular area. With optically thin disks, the same construct applies 

except the temperature for each annulus must be explicitly calculated 

taking radiative transfer effects into consideration. The 

establ i shment of local di sk temperatures due to vi scosity i mpl i es 

that the continuum radiation from the middle and outer disk regions 

will be emitted mainly at UV and optical wavelengths. The disk 

emission line structure arises from the optically thin regions. 

Mayo, Whelan, and Wickramasinghe (1980) and Pacharintanakul and Katz 

(1980) were able to show how optically thick disks give rise to 

broad, shallow hydrogen absorption lines. 

The classical novae, recurrent novae, and the nova-like 
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subclass of nova-like CVs nearly al~ays show moderate strength 

hydrogen emission lines and weaker Hel emission. The Hel decrement 

is usually characteristic of LTE (Williams and Ferguson 1982a). Hell 

A4686 can be quite strong: high excitation lines of CNO such as CII 

A4650 and NIII A4640 are often observed. Generally, Call A3934 is 

not observed or is very weak in these systems. 

Dwarf novae in outburst and UX UMa-type stars show either 

weak or no hydrogen Balmer and Hell A4686 emission cores within 

broad, shallow hydrogen absorption. 

Quiescent dwarf novae are observed to have strong hydrogen 

Balmer emission, Hel emission that is not necessarily described with 

an LTE decrement, moderate-strength Call A3934, and weak or no Hell 

and CNO lines. 

2) The Hot Spot. The hot spot also contributes to emission 

1 ine formation in cataclysmics although this effect varies between 

systems; for example, Z Cha (Rayne and Whelan 1981), U Gem (Stover 

1981a), and PG1012-029 (Penning et al. 1983) in decreasing intensity. 

Hot spot-produced line emission varies stochastically on timescales 

of minutes. Only eclipsing systems have been solved for the hot spot 

location and intensity; thus, the existence of hot spots introduces 

errors of up to 25% in the determination of fractional disk structure 

(i.e., sans hot spot) contribution to the observed emission line 

strengths for most CVs. Simil arly, no study has been performed on 

the relative contribution of the hot spot to different emission 

lines. However, current cataclysmic emission line models depend on 
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assumptions that likely are correct only in a very general way so 

that current data is adequate to discriminate between different 

models. 

3) The Boundary Region. The form of the energy distribution 

emanating from the accretion disk-white dwarf boundary region has not 

yet been established because the bulk of radiation is produced in the 

unobserved EUV region. Thus, the boundary region does not contribute 

directly to emission line radiation but it is likely that some of the 

EUV radiation is reprocessed into optical wavelengths. No direct 

estimates of the boundary layer effective temperatures are currently 

available. The lack of data is a very serious shortcoming because 

the form of the photoionizing radiation is critical to emission line 

formation as will be discussed. 

4) The Secondary. The photospheric continuum and absorption 

spectrum of the secondary star may contribute to the composite 

spectrum. For periods of less than about six hours, the secondary is 

quite cool and low in luminosity. Hence the secondary photospheric 

absorption lines are easily seen only in longer period systems 

(Warner 1976), resulting in considerable imprecision in determining 

secondary spectral types. Without exception, though, all observed 

secondary spectral types have been F5 or later. Except for some 

secondaries with periods exceeding eight hours, all are dwarfs. In 

the case of U Gem, a well-studied example (Wade 1980), the distended 

low mass dwarf secondary is about 15% less dense than its main 

sequence spectral type would indicate. Such secondary evolutionary 
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deviations seriously affect mass determinations for both system 

stellar components. Emission lines associated kinematically with the 

secondary are only observed when mass transfer "turns off" and the 

disk luminosity drops dramatically. The resulting "l ow states" of 

CVs are not discussed in this thesis. 

Emission Line Profiles 

Much effort has been expended observing the emission line 

profiles of cataclysmics. If the lines are disk-produced, the 

profiles should have been double peaked for all but the lowest 

inclination, most pole-on systems. That is, each disk annulus 

radiates: as the outer disk regions contribute most of the emission, 

the separation of the peaks represents the radial velocity difference 

between approaching and receeding disk edges, corrected for 

incl ination. Some edge-on cataclysmics such as WZ Sge (Krzeminski 

and Kraft 1964) and U Gem (Stover 1981a) show this effect for the H 

and HeI lines but most systems, eclipsing and otherwise, do not. The 

author can find no case where doubling is observed in the high 

excitation lines. In many cataclysmics, either local turbulence, of 

much greater pressure than produced by the local thermal bal ance, 

smears the double-peaked structure or a non-Doppler broadened 

component contributes to the emission line radiation. Still, both low 

and high excitation emission 1 ine wing profiles, with contributions 

from the fast-moving regions local to the white dwarf, show 

broadening consistent with disk model predictions, about l03km-s-l. 
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The strongest emission line component moves opposite to the 

secondary absorption features (where observed) and hence comes from 

the accretion disk. Eclipsing systems have been used to determine 

accretion disk sizes by timing the HZ-wave" behavior wherein the 

secondary first occults the blue Doppler shifted emission line 

porti on, and then the red shifted segment. Except for a coupl e of 

cataclysmi cs such as HT Cas (Young, Schnei der, and Shectman 1981; 

Horne 1983), accretion disks extend over a large fraction of the 

area within the primary Roche lobe. 

C. Emission line Models 

Several model s have been advanced to expl ai n the emi ss; on 

line behavior in cataclysmics. Williams (1980), Williams and 

Ferguson (1982a), and Tylenda (19B1) considered LTE radiative 

transfer effects through optically thin outer accretion disk regions. 

They all obtained results that were inconsistent with observations in 

three ways. First, the models required mass accretion rates that 

were lower than observed values by at least two orders of magnitude. 

Second, the double-peaked lines predicted by the models were 

generally not seen. lastly, Will iams and Ferguson (1982a) requi red 

He/H > 100 to account for the strengths of the Hel lines and were 

totally unable to account for observed Hell x4686 emission. 

Others have considered the effect on emission line behavior 

of the half of all accret i on energy d iss i pated at the white dwarf

accretion disk boundary layer. This harder radiation was thought by 

Ferland et al. (1982) to photoionize a diffuse hot gas enveloping the 
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binary system (the corona model) of V603 Aql. They assumed a density 

of n = 1010cm -3 to account for the behavior of certain UV 

intercombination lines. They performed a quantitative stellar 

atmosphere-like calculation to compute line strengths and found best 

agreement with Tp = 50,OOOK, red giant-like gas composition, but with 

only 1% of the virial theorem-level EUV boundary radiation actually 

emitted. Another difficulty was also found: the gaseous corona had 

to extend over several times the volume occupied by the two stellar 

component Roche lobes to account for the observed CIV A1550/HeII 

A1640 1 ine strength ratio. 

The possibility that part of the boundary layer EUV radiation 

is reprocessed in the tops of the di sk faces is referred to as the 

IIdi sk chromosphere ll model. Schwarzenberg-Czerny (1981) used a disk 

models and a black body-shaped boundary layer (i.e. IIcentral source ll
) 

energy distribution to show that the colors expected of a disk 

chromosphere were consistent with dwarf novae outburst photometry. 

The disk chromosphere spectrum was first semiquantitatively studied 

by James, King, and Sherrington (1980) who adapted the idea to the 

quiescent ultraviolet spectrum of AE Aqr. Also assuming a black body 

EUV energy distribution, they demonstrated that several of the higher 

ionization species such as NV, SiIV, CIV, and Hell emission resulted 

from photoionization and suggested that this occurred at the disk 

tops. They estimated the inner disk or boundary layer temperature 

to be Tp = 75,OOOK to account for the emission line strength ratios. 

LYa, Call, and MgII emission lines were argued to have been produced 
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by coll isional processes in the outer-radius, optically thin disk 

regions. 

The disk chromosphere model can be expanded to incorporate 

many of the results found in the BEUMa photoionization model. 

Towards this end, observations of a group of accretion disk 

cataclysmics are presented and the results discussed in the context 

of the disk chromosphere model. 

O. The CV-BE UMa Rosetta Star Story 

Object Selection 

Thirteen accretion disk cataclysmic variables were chosen for 

study. An important consideration for object selection was 

observability in the early Fall from a latitude of 32 0 N since the 

program required an unusual change in instruments •. A cross section 

of object types was desired to study applicability of models to CV 

systems. Both well and poorly studied systems were included, the 

latter to provide unbiased model predictions for comparison with 

future observations. Six objects were classical novae: V603 Aql, Q 

Cyg, OQ Her, V533 Her, GK Per, and FH Ser. Two varieties of dwarf 

novae were represented; the Z Camelopardalis variables and the U Gem 

stars (Gl asby 1970). The Z Cam stars selected were WW Cet, EM Cyg, 

and AB Ora whil e the U Gem var; ab 1 e observi ng 1 i st cons i sted of SS 

Aur, SS Cyg, and RU Peg. These dwarf novae observations were all 

obtained near minimum except that WW Cet may have begun an outburst 

before the "red" observation. The final star, RW Tri, is a nova-like 
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variable of the UX UMa subclass. The magnetic AM Her objects were 

del i berately excl uded from the sampl e because thei r emi ssi on 1 i ne 

spectra do not arise from a disk geometry. 

A Review of Cataclysmic Parameters from Other Published Work 

The masses of component stars and system spatial sizes as 

distilled from published literature describing the 13 cataclysmic 

variables chosen for spectroscopic study in this work displayed great 

similarity. Table 14 summarizes these findings. 

Before discussing the masses of individual cases, the reader 

is reminded that cataclysmic variable secondaries were found to be of 

somewhat larger size than their main sequence type would indicate by 

Wade (1980). Since mass analysis of cataclysmics prior to Wade's 

result generally depended on the mistaken bel ief that secondaries 

followed the main sequence mass-radius rel ation, mass val ues 

published before 1980-1981 should be viewed with considerable 

skepticism. Consider the case of DQ Her, for example. Hutchings, 

Cowl ey, and Crampton (1979) found Mp =1.2Me and Ms = 0.62M e 

assumi ng a main sequence secondary where Mp represents the pri mary 

mass and Ms is the secondary mass. Yet Young and Schneider (1980) 

gave Hp= 0.45Me and Ms '" 0.32Ma i"p-sulting from calculations 

allowing an evolved secondary and were in accord with the 

evolutionary direction given by Eggleton (1976). 

Thus, the early component mass determinations for V603 Aql 

and SS Aur {Warner 1976} were likely quite imprecise. The mass 

determinations for WW Cet are especially questionable: the secondary 



Tabl e 14. Physical Parameters of Selected Cataclysmic Variables 

Object M Ms Period Incl. 
(x1~locm) 

Refs. and Comments 
(M~) (Me) (days) (0) 

V603 Aql .9 : .4: .144854 15 6.5 Warner 1976 
Oresehel et al. 1981 

SS Aur .9 : .6: .180594 32 6.0 Warner 1976 

WW Cet 1.0: .5: .1736 7.1: Ritter 1982 usng Ms/Mp = .5: 

EM Cyg .55±.05 .75±.05 .290910 63±2 3.5 Stover, Robinson, and Nather 
1981 

Q Cyg 

ss Cyg 1.33 .80±.10 .275130 38±3 9.6 Stover et al. 1980 

AB Ora 

OQ Her .45±.05 .32±.03 .193621 >80 4.6 Young and Schneider 1980 

V533 Her .28: Patterson 1982 

RU Peg 1.47 1.14 .3746 >30 10.3 Stover 1981b--Mp>MChandra 

GK Per 1.90 24±10 Bianchini, Hamzaoglu, and 
Sabbadin 1981 wI Mp/Ms

10 
1.5 

and a(sin i) = 2.6 x 10 em 
secondary is K2IV-V 

FH Ser 

RW Tri .68-.71 .46-.63 .231883 67-75 5.8 Kaitchuck, Honeycutt, and w ...., 
Schlegel 1982 



138 

mass was listed in Ritter (1982) but only the primary-to-secondary 

mass ratio was publ i shed by Warner (1976). These results should be 

used in modeling systems only with the understanding that the 

determined masses could be in error by as much as 100%. 

For more recently studied systems, the results are more 

reliable. EM Cyg (Stover, Robinson, and Nather 1981), SS Cyg 

(Stover, Robinson, Nather, and Montemayor 1980), RU Peg (Stover 

1981b), and RW Tri (Frank and King 1981; Kaitchuck, Honeycutt, and 

Schl egal 1982) all have secondary types establ ished through direct 

observations. Stover (1981b) found that the derived white dwarf mass 

in RU Peg sl i ght ly exceeded Chandrasekhar' s 1 i mi t attest i ng to the 

difficulty of mass determinations. 

A glance at the average primary Roche lobe size (r1) in Table 

14 confi rms the rather small range of values suggested by the 

restricted primary masses. GK Per was the lone exception but it 

contained a giant secondary. To find r1' circular binary orbits were 

assumed, for tidal circularization timescales are much shorter than 

the applicable evolutionary times (Lecar, Wheeler, and McKee 1976), 

and the Plavec (1968) relation was applied 

(23 ) 

The binary component separation is a; the above relation was valid 

when Mp/Ms ~ 0.1. Mass ratios of systems in this study were not 

extreme although the phenomenon is not unknown amongst cataclysmics; 

for exampl e, in the WZ Sge system (Robi nson, Nather, and Patterson 

1978). Cataclysmic variable disks have generally been found to 
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extend over a substantial fraction of the Roche lobe average radius, 

say 80% (eg. Horne 1983). A typical system is PG1012-029 (Penning et 

al.1983). There are a few exceptions such as HT Cas (Young, 

Schneider, and Shectman 1981b; Horne 1983) where the disk is thought 

to extend out to less than half the average primary Roche lobe 

di stance, however. 

The Observations 

Spectra of the 13 selected accretion disk cataclysmic 

variables were obtained. Table 15 ;s a summary of observations. The 

September 1981 "blue" data were taken only a few days before the 

"red" spectra with three exceptions. Since outbursts in dwarf novae 

recur on timescales on the order of months (Glasby 1970), the sets of 

red and blue spectra together closely approximate the individual CV 

disks during the same respective states. While previous data have 

shown similar emission line intensity ratios for some of the 

classical novae observed in this work (eg. Williams and Ferguson 

1982a), no systematic study has been performed concerning long-term 

changes in classical novae emission 1 ines so it was felt prudent to 

obtain "red" and "blue" data spaced as closely together as possible. 

Nevertheless, "blue" spectra of EM Cyg, AB Ora, and FH Ser were 

unavoidably obtained much later while the dwarf nova WW Cet evidently 

began an outburst between the "blue" and "red" observations. All 

"b 1 ue" spectra (U3400-5500) were obtai ned with the Ste\'1ard 2.3m 

reflecting telescope, Cassegrain focus, Boller and Chivens 
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Table 15. Cataclysmic Variable Spectral Observations 

Object Obs.Date Begin. Ex. Ex. Time Sl it Comments 
(JD 2,440,000. + ••• ) (Mi n. ) ( ") 

V603 Aql 4871. 69444 20.00 2.5 blue 
" " 4884.61944 17.07 3.5 red 

SS Aur 4869.94722 40.00 2.5 blue 
" II 4883.96667 25.60 3.5 red 

WVI Cet 4871.85972 32.00 2.5 blue 
II II 4883.88819 8.53 3.5 red, outburst 

EM Cyg 5205.78403 12.00 2.5 blue-6 mo aft red 
II " 4883.63611 17.07 3.5 red 

Q Cyg 4871. 75069 40.00 2.5 blue, smoothed 
II II 4883.70694 34.13 3.5 red 

S5 Cyg 5205.79236 2.00 2.5 blue AA3700-6700 

AB Dra 5151.93542 20.00 2.5 b 1 ue-9 mo aft red 
II II 4883.63681 8.53 3.5 red 

DQ Her 4871.63333 40.00 2.5 blue 
II II 4884.66944 17.07 3.5 red 

V533 Her 4871.64583 40.00 2.5 blue 
II " 4884.64028 32.07 3.5 red 

RU Peg 4869.84236 16.67 2.5 blue--AA4600-5400 
II II 4883.57556 12.80 3.5 red dip artifcl 

GK Per 4870.91250 33.33 2.5 blue 
II II 4883.94861 17.07 3.5 red 

FH Ser 5151.90347 20.00 2.5 b 1 ue-9 mo aft red 
II II 4883.60208 17.07 3.5 red 

RVI Tri 4870.79514 10.00 5.0 blue 
II II 4884.70764 22.40 3.5 red 
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Spectrograph, blue image tube package, and reticon digital detector 

system. The 400 L/mm grating in second order with a CuS04 filter 

above the slits was used throughout except for the spectra of SS Cyg 

and EM Cyg where a 600 L/mm grat i ng in second order with no fi lter 

above the sl it was used. Smoothi ng was avoi ded si nce it tended to 

wash out weaker 1 i nes outs i de the pattern noi se regi on of spect ra 

from thi s then-developmental instrument. Resol ution in the "bl ue" 

scans was 3A - 6A depending upon slit size and grating choice where 

3A resolution applied to the 2.5" slit-400 L/mm grating combination. 

The 2.5" slits together with the 600 L/mm grating gave 6A resolution. 

Si nce the 1 atter combi nat i on was used so long after the "red" 

observations, a grating tilt permitting inclusion of Ha but rejecting 

light blueward of A3600 was chosen giving a wavelength range of 

AA3700 - 6700. The smoothed Q Cyg spectrum has an effect i ve 

resol ut i on of 16A. 

Spectra covering u5500-S700 were obtained using the same 

telescope and spectrograph but with the red-sensitive image tube 

package and reticon analog detector system using a 600 L/mm grating 

in first order with a C-6S filter above the slits to prevent 

contamination from second order at observed wavelengths greater than 

AS500. Resolution for the "red" data is SA. The flux scales for 

both IIred ll and IIblue ll data should be considered only approximate: 

slit sizes of 2.5" to 5.0", variable seeing, and guiding errors 

combined to render this data non-photometric while atmospheric 

refraction biased the continuum somewhat in non-predictable fashion. 
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No !Ired II observation of SS Cyg was made. 

The Appearance of the Disk Spectra 

The resulting spectra appeared typical of accretion disk 

dominated stars. The disk optical continuum distributions were all 

flat, ~ ~ JJ. The hydrogen Balmer jumps were small, less than 5% of 

the surroundi n9 cont i nuum (;-n contrast to those of the magnet i c AM 

Her mass-transfer binaries and BE UMa), and the Paschen jumps were 

al so unobtrusive, mostly dwarfed by a nearby atmospheric feature. 

The Balmer decrements were flat as were the HeI emission line 

decrements. HeI singlet and triplet line strengths were similar and 

surely not recombinational (Williams and Ferguson 1982a). The stars 

were crudely classed either as exhibiting high or low excitation 

optical emission line spectra. Characteristic of the low-excitation 

group was moderate to strong CalI A3934; Hell A4686 followed with 

increasing excitation, then finally the A4650 blend became very 

strong in the highest excitation cases such as V533 Her. Pure 

recombinational CI I A4267 appeared in some spectra, evidently not 

strongly dependent on excitation. Fell A5169 showed si mila r 

behavior. The behavior of CIll A4070, a pure recombinational 1 ine 

with an excitation potential of 42.8eV would seem to have mimicked 

that of CIII 14650 although the data is scant. Still, its appearance 

in the low excitation spectrum of SS Aur was enigmatic. 

SS Aur, EM Cyg, RU Peg, GK Per, FH Ser, and espeCially RW Tr; 

all showed energy distributions increasing toward longer wavelengths. 

While differential refraction effects may have had some slight 
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effect, the red excesses derived from the presence of the secondary 

stars in these systems (Wade 1980). The secondary red excess may 

have been masking HeI x6678 and much of Ha resulting in artificially 

low values for these emission line intensities relative to Ha in RW 

Tri. 

Tables 16,17, and 18 record emission line strength 

measurements for the hydrogen, HeI, and high excitation lines, 

respectively. Figures 37 through 49 are separately the spectra of 

each individual object. 

Helium and Metal Line Emission Behavior With Variations 
in Hydrogen Line Strength 

The data provided several empirical correlations between line 

emission from different element ionization species. Sufficiently 

strong lines of Call A3934, the neutral helium lines, Hell A4686, and 

CIII A4650 were available in the observations to allow quantitative 

comparison with the strength of Ha x4861. 

Consider first the strength of Call x3934 relative to Ha, 

Figure 50. In addition to observations of this work, two more data 

points were chosen for their strong Ha equivalent widths without 

prior knowledge of Call A3934 line strengths: U Gem (Stover 1981a) 

and T Leo (Williams 1982a). The data show a rapid decrease of Call 

A3934 line strength down to EW(Ha) = lA or so, excepting RU Peg, a 

special case. 

As the equivalent width of Ha decreases from 20A, the strong 

trend is for the neutral helium singlet lines to rapidly increase in 
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Table 17. HeI Emission Line Measurements 

Object Line Flux Relative to HB 
>.4026 >.4388 >.4471 >.4921 >.5015 >.5876 >.6678 

V603 Aql .40 .16 .45 .46 .13 .14 .16 

55 Aur .09 .24 .07 .11 .28 .10 

WW Cet .27 .40 .12 .14 

EM Cyg .12 .04 .33 .14 .13 .21 .02 

Q Cyg .49 : 

55 Cyg .15 .03 .28 .07 • 10 .31 N.A • 

AB Ora .32 .21 .39 .13 .11 

DQ Her .29 .12 .39 .16 .14 .04 .05 

V533 Her .40 .51 .63 .31 

RU Peg .25 .39 .18 .04 

GK Per .60 .35 .52 .20 .27 .23 .19 

FH 5er 

RW Tri .05 .03 .03 .01 
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Table 18. Ion Emission Line Measurements 

Object Line Flux Relative to Ha 
NIl, 

DIll Call Clll CII CIlI Hell FeIl Fel I CIV 
1.3712 1.3934 1.4070 1.4267 A46S0 ,,4686 >.5169 >.5319 hS806 

V603 Aql .04 .41 .82 .28 .12 

55 Aur .02 .35 .07 .08 

WW Cet .03: .20 .22 .11 .07 

EM Cyg .OS .07 .ll .24 

Q Cyg .23 .06: .30 : .33: 

55 Cyg .03 .17 .05 .09 .04 

AB Ora .05: .10 .08 .15 .04 

OQ Her .07 .01 .07 .05 .54 1.82 .16 .09 

VS33 Her .33 .44 1.47 2.12 .35 .27 

RU Peg .28 .31 

GK Per .31 .66 

FH 5er .08 .14 .88 .53 

RW Tri .04 .31 .45 .02 
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Figure 37. The optical spectrum of V603 Aql--An old nova with moder
ate strength high excitation lines of Hell A4686 and Clll 
A4650. Balmer lines are identifiable to H13. Flux units 
are Fv , cgs. 
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Figure 38. The optical spectrum of SS Aur--A U Gem-type dwarf nova. 
The moderate continuum rise redward of A7000 is due to 
the presence of a secondary star. Call A3934 is quite 
prominent while H undoubtadly receives a large 
contribution from Call A3968. Flux units are ~, cgs. 
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Figure 39. The optical spectrum of WW Cet--A Z Cam dwarf nova caught 
between outbursts. Another outburst likely began before 
the "red" spectrum was taken. Flux units are Fv, cgs. 
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Figure 40. The optical spectrum of EM Cyg--A Z Cam dwarf nova. The 
continuum rise in the red is from the secondary. The rise 
blueward of A3900 and the continuum drop redward of A6500 
are reduction artifacts. Red and blue scans are not 
closely coincident observations: note the blue scan red 
1 i m i t i s A 6 7 0 0. F 1 u x u n i t s a r e F V' c g s • 
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Figure 41. The optical spectrum of Q Cyg--An old Nova represented by 
this poor-quality spectrum that required smoothing tore
move severe instrument pattern noise. Flux units are F-.. .~, 
cgs. 
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Figure 42. The optical spectrum of SS Cyg--A U Gem-type dwarf nova. 
The continuum rise b 1 ueward of ).3900 is a reductions 
artifact as is the continuum drop redward of ).6500. No 
red scan was taken. Flux units are~~ cgs. 
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Figure 43. The optical spectrum of AB Dra--A dwarf nova of the Z Cam 
subclass in quiescence. Red and blue spectra are not 
closely coincident observations. Flux units are Fv, cgs. 
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Figure 44. The optical spectrum of DQ Her--An old nova with strong 
Hell A4686. Flux units are Fv, cgs. 
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Figure 45. The optical spectrum of V533 Her--An old nova with very 
strong high excitation lines. Flux units are Fv, cgs. 
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Figure 46. The optical spectrum of RU Peg--A dwarf nova of the U-Gem 
subclass. The AA4650-5400 dip is a reductions artifact 
The rise in the flux distribution in the "red" scan, in
creasing at longer wavelengths, results from 1 ight 
emitted by the secondary star. Flux units are F\), cgs. 
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Figure 47. The optical spectrum of GK Per--An old nova with only 
moderate strength CIII A4650. The increasing continuum 
energy distribution toward longer wavelengths apparent 
redward of A5500 is due to the subgiant secondary. Flux 
units are 1\> , cgs. 
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Figure 48. The optical spectrum of FH Ser--An old nova with a small, 
expanding shell. The large Ha- [NIII] A6584 blend, 
other forbidden lines, and Nil A5678 result from this 
shell. The secondary may be contributing significant 
continuum in the "red" scan. Red and blue spectra are 
not closely coincident observations. Flux units are ~, 
cgs. 
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Figure 49. · The optical spectrum of RW Tri--A nova-like variable of 
the UX UMa subclass. The rapid rise in continuum energy 
distribution redward of A7000 is due to light emitted by 
the 1 ate-type secondary. Flux units are fV , cgs. 
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Figure SO. The variation of the Cali A3934 line strength with chang
ing Hs--The curve represents a best fit to the data. 
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strength relative to the corresponding triplets, from a 

recombinational-like decrement towards line ratios characteristic of 

LTE, again excepting RU Peg. Figure 51 displays the average of up to 

three singlet to triplet ratios: ~4388/~4026, ~4921/~4471, and 

~6678/~5876, depending on data availability (Table 17) for each star. 

Figure 52 depicts the Hell ~4686 and CIII ~4650 emission line 

behavi or with changi n9 He equi val ent wi dth. The trend is for both 

high excitation line strengths to increase rapidly as the EW(Ha) 

drops below 20A. 

Other emi ss ion 1 i nes of moderate strength do not gi ve 

unambiguous information about the accretion disk physical enviroment. 

The CII ~4267 emission line is actually a blend of CII and CIII 

(Tables 12 and 13). The OIlI ~3712 continuum fluorescence line is 

hopelessly contaminated by the highest order Balmer emission lines. 

Fell ~5169 appeared in most of the lower excitation spectra--its 

strong presence in the V603 Aql and V533 Her spectra is enigmatic and 

might more properly be identified with a nearby ClIl blend (Table 

13) • 

The BE UMa-Cataclysmic Variable Connection 

One is immediately struck by the similarities of the BE UMa 

reprocessed component spectrum and those of high excitation steady

state accretion disk cataclysmics. This section offers a qualitative 

discussion linking the photoionization processes in BE UMa to the 

disk chromosphere model in CVs. 
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Figure 51. The variation of the He! singlet to triplet ratio with 
changing He. 

162 



rn 
:E 
" >-
""" 
::t .. 

EW Hell 4688, em 4650 
EW H, 

og~--T---Te--~~~~~~ 
I> 0 

(>0 0 

o ~ I> 

o 

t> 
rh 
:i 
(') 

= -.... 
CJ) 

C1I 
0 ..... 
rn 
:i 
::: -u. 

o 

o 

Q 
rn 
:i 
::t 
CD --... 
0) 
CD 
CJ) ..... 
rn 
~ 

163 

Figure 52. The variation of Hell ~4686 and elII ~4650 line strengths 
with changing He. 
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1) The Character of the Central Source. The temperature of 

the accretion disk central source is about the same as that produced 

in the innermost disk regions. Equating the virial kinetic energy 

dissipation with luminosity from a black body of radius rp gives 

rp = [GMpM/{81To'Tp4)]1/3 (24) 

where 0
1 is the Stefan-Boitzmann constant. For Mp = 0.6Ma and 

selecting Tp consistent with the Williams and Ferguson (1982a) 

innermost disk temperature computations for 10-10 ~ M(Me/yr) ~ 10-7 

(corresponding to 14,000K - 147,000K, respectively), one finds rp 

109cm, about the same radius as for a log gp = 8.0 white dwarf. 

Higher temperatures are possible only for accretion stopped at a 

radius within that of the white dwarf. Hence, the temperature of the 

central source is closely approximated by the innermost accretion 

disk temperature. This result is not sensitive to the value of the 

disk vi scosity. 

Without a model of inner diSk-boundary region dynamics, the 

choice of the proper central source EUV energy distribution shape is 

unclear: whether Planckian or with strong ionization edges, 

especially at 1228. However, for central source temperatures of less 

than 100,000K, the differences are less important because most energy 

is emitted redward of A228. 

The Illumination of the Chromosphere 

The Horne (1983) tomography of eclipsing cataclysmic 

accretion disks showed that disk illumination varied between stars. 

He expressed the thick disk electron temperature as 
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T4(r) = T4(0~3rd)[0.3rd/r]b[1 - (rp/r)1/2] (25) 

where rd is the outer disk radius and b equals 3 under viscosity

induced LTE conditions. In the cases of DQ Her, RW Tri, and UX UMa, 

Horne (1983) found b = 1.0,2.2, and 2.7, respectively. That is, the 

disk temperatures as determined by UBR photometry were more uniform 

than predicted by viscous disk models, as though the disk 

chromosphere were bei ng ill urn i nated from the cent ra 1 source. The 

more uniform the illumination, the stronger the lines. Note that b = 

1 corresponds to roughly uniform illumination; that is, unattenuated 

or unblocked illumination from the central source. The differences 

in illumination were likely due to blockage of radiation caused by 

variations in the accretion disk vertical structure that are not 

predicted by current models. 

The BE UMa-Disk Chromosphere Photoionization Rate Comparison 

Thus, the uncertainties in central source temperature (mass 

accretion rate), the central source energy distribution shape, and 

vertical accretion disk structure make photoionization rate estimates 

unreliable at present. However, the strong dependence of EUV photon 

flux upon central source temperature does allow a crude estimate of 

mass accretion rate. 

The solid angle subtended by the BE UMa secondary as viewed 

from the primary and the solid angle blocked by the accretion disk as 

observed from the central source are quite dissimilar. Observations 

of eclipsing system behavior show that cataclysmic variable accretion 
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disk outer edge thicknesses are considerably less than the secondary 

star radii, say less than 0.3Reo Yet even hydrostatic equilibrium 

demands that accretion disk edge thicknesses be set to at least 

O.lRe for viscous disks. Thus, the cataclysmic variable accretion 

disks block 8% - 24% of the central source EUV radiation while the BE 

UMa secondary intercepts about 1~ of the primary star energy. 

The log 9p = 7.0 primary emits about 10 times the energy of 

the log gp = 8.0 accretion disk-white dwarf bound~ry region of the 

same effective temperature. The numbers of EUV photons absorbed by 

the BE UMa secondary are hence comparab1 e to those absorbed by the 

accretion disk, taking geometrical factors into account. Both 

cataclysmic variable accretion disks and the BE UMa secondary are 

about one half the solar diameter across so that the EUV radiation 

mean intensities are similar, on average. 

The Observable Consequences of Accretion Disk Chromosphere 
Photoionization 

The preceedin9 discussion suggests that the BE UMa 

reprocessing effect can be likened to photoionization of cataclysmic 

variable accretion disk chromospheres by a boundary layer region of 

similar effective temperature. At the mass accretion rate 

giving this temperature, the underlying optically thick disk will 

produce a continuum corresponding to the local LTE temperature, 

10,000K to 14,OOOK over the outer disk regions for Tp = 100,OOOK 

O~(Me/yr) = 10-7•5: Williams and Ferguson 1982a). The thick disk 

continuum will obscure the reprocessed Paschen continuum (fit well by 
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a 4,200K Pl anckian in BE UMa) and the reprocessed Balmer jump. The 

accretion disk hydrogen Balmer lines (empirically, the BE UMa Balmer 

decrement is bounded by a Planckian of about 16,OOOK) will also rise 

above the continuum. Suppose that, like in BE UMa, the He FWHM is 

4A. Then the cusps of the double peaked 1 ine profiles (of typical 

FWHM ~ 2A: Tylenda 1981) produced by pure disk orbital motion will 

be well smoothed when convolved with the intrinsic He profile. For 

the hydrogen Balmer lines and likely for HeI emission as well, the 

cataclysmic variable line profile paradox is resolved. The continuum 

fluorescence and recombination lines saturate at about the 18,OOOK 

Planckian so that they too will rise above the integrated continuum. 

Hence, the chromospheric ionization model qualitatively 

explains the strengths of the hydrogen, HeI, recombination, and 

continuum fluorescence lines, the lack of large observed Balmer jumps 

in CVs, and at 1 east the hydrogen Ba 1 mer 1 i ne profil es. Some very 

crude limits can be placed on accretion rates expected to maintain 

these properties. 

First, consider the upper mass accretion rate limit. The 

efficiencies of the dominant cooling.mechanisms, collisional line 

radiation, increase exponentially (Chapter III, equation 13) so it is 

unlikely that electron temperatures much higher than 30,OOOK would be 

established in disk chromospheres. However, at mass accretion rates 

in excess of 10-6•5Me/yr, the underlying LTE temperature exceeds 

30,OOOK over almost the entire disk (Pringle 1981, equation 3.23). 

Thus, absorption line disk spectra are expected for high mass 
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accretion rate systems: M l 10-6•5Me/yr. Chapter II has shown that 

observed space densities of thick disk cataclysmics impiy mass, 

accretion rates M l 10-7Me/yr, in good agreement. 

The lower mass accretion rate limit corresponds to a central 

source temperat ure of about 30,000K where i nsuffi c i ent numbers of 

photons bl ueward of 912A exi st to photoi oni ze much hydrogen. The 

lower bound to possible chromospheric emission line CV mass accretion 

rates is thus M l10-9•5Me/yr. 

Below temperatures of 50,000K, the number of photons blueward 

of ~350 capable of producing high excitation continuum fluorescence 

lines drops rapidly. The emission line cataclysmic variables can 

thus be divided into two catagories: the low excitation cataclysmics 

with 10-9•5 i M(Me/yr) i 10-B•5 and the high excitation CVs where 10-

B.5 < M(Me/yr) i 10-6•5• Of course, central source EUV radi ati on can 

be shielded from the outer disk, metal abundances are 1 ikely non

solar, and disk sizes vary so that the spread in data is 

considerable. Thus, the given mass accretion rates correspond to a 

scatter of M = 10±0.5Me/yr • 

The low excitation systems observed in this work are all 

dwarf novae. The hydrogen lines are quite strong because the outer 

disk LTE continuum temperatures are quite low: 7,000K - lO,OOOK. 

The best Planckian empirical fit to the reprocessed component is no 

doubt much lower (T rep = 4,500K in the "high-excitation" BE UMa 

secondary atmosphere) so that the reprocessed component Bal mer jump 

remains swamped, as observed. As the outer accretion disks remain 
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optically thick to about 10-9Me/yr (Wiliams and Ferguson 1982a), the 

increase in the EW(CaII ).3934)/EW(Ha) ratio with increasing EW(Ha) 

(Figure 50) is likely related to a decrease in outer disk 

chromosphere electron temperature caused by a reduction in central 

source EUV flux and average photon energy. That is, the calcium to 

hydrogen line ratio is sensitive tomass accretion. Call ).3934 is 

probably quite strong in the RU Peg system because of the unusually 

large outer disk: either more disk area allows stronger low 

excitation chromospheric lines or Call ).3934 is formed by LTE 

processes in the outermost optically thin disk regions (Williams 

1980) • 

A comparison of Figures 51 and 52 shows that the behavior of 

the continuum fluorescence lines and HeI emission both alter at 

EW(Ha) 'g 20A. The transition of the HeI decrement from 

recombinational to LTE-like and the rapid increase in continuum 

fluorescence emission shortward of 20A could only be due to increased 

EUV radiation, presumably from the central source. Indeed, it is 

quite possible that the residual CIII ).4650 and Hell ).4686 emission 

seen in systems with EW(Ha) > 20A are formed in the hot spot. It is 

reassuring that DQ Her and V533 Her, the two highest excitation 

systems observed, also show continuum fluorescence CIV ).5805 and 

recombinational CIlI ).4070 (Table 18). 

Results of the Reprocessed Chromosphere Discussion 

EUV radiation from the central source can photoionize the 

accretion disk faces. The central source EUV flux is closely related 



170 

to boundary layer effective temperature and hence mass accretion 

rate. The mass accretion rates in steady-state cataclysmic variables 

showing emission lines are limited to the range 10-9•5 ~ M(Me/yr) ~ 

10- 6•5• The low excitation systems, all dwarf novae in this 

observation set, had M ~ 10-8•5 while the high excitation novae and 

nova-like systems gave mass accretion rates in excess of this value. 

The observed relative strengths of hydrogen lines, Call A3934, metal 

recombination lines, and continuum fluorescence lines are in accord 

with the disk chromosphere model as are the hydrogen line profiles, 

Balmer jump strengths, and the Hel emission 1 ine decrements. Mass 

accretion rates in excess of 10-6•5 Me/yr should produce absorption 

line spectra, as observations reported in Chapter II indeed show. In 

summary, the addition of BE .UMa-like reprocessing features to the 

disk chromosphere model removes many previous objections to the 

theory. A quantitative calculation making some explicit assumptions 

about accretion disk structure will be necessary to reproduce 

absolute line strengths, however. 



CHAPTER V 

SUMMARY 

Cataclysmic variables are mass transfer binary stars wherein 

the secondary, typically a late-type dwarf, loses mass to the other 

component, always a white dwarf. If the white dwarf is not strongly 

magnetic, the infa" ing matter is angular momentum dominated and 

forms an accretion disk centered on the white dwarf. Only the 

accretion disk cataclysmics are considered in this work. 

A search for UX UMa-type "thick disk" perpetual outburst 

cataclysmics was undertaken using the Palomar Green survey sample in 

Chapter II. Only two were found. Instead, the study discovered a 

group of 20 or so systems primarily consisting of early K dwarfs 

paired with 30,000K, log gp = 6.5 subdwarfs, whose composite optical 

energy d i st ri but ions were fl at. The sample was analyzed us i ng the 

flux ratio diagram method; the deconvolution for each pair is given. 

Results were consistent with features seen in the composite spectra 

from each stellar pair component and UV observations of three of the 

systems. Two of the sample showed a reflection effect that required 

periods of less than about a day for Tp ~ 40,000K. Otherwise, no 

periods are known. A further result of this study was that a 

substantial fraction of subdwarf 0 and B stars are in fact binary. 
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These stars may represent the cataclysmic variable progenitors. The 

absence of large numbers of thick disk cataclysmics gave a space 

density upper limit corresponding to mass accretion rates of greater 

than 10-7'OMe/yr for systems confined to a disk scale height of 500pc 

or less. Larger disk object galactic scale heights would have 

implied unreasonably high mass accretion rates. 

BE UMa is a detached eclipsing binary system whose emission 

1 i ne spectrum is shown to be rel ated to that of catac1ysmi cs. The 

system primary is a hot subdwarf 0 star; BO,OOO .5.100,000, 7.0.5. log 

gp.5. B.O and log (He/H) = 1.0 ± 1.0. The cool secondary is an M1-M5 

dwarf star. The two components are separated by about 7Re• The 

small hot star dominates the system energy distribution in the UV and 

EUV. The secondary star hemisphere facing the primary reprocesses 

the incident EUV radiation into optical wavelengths. This 

reprocessed component showed a non-thermal energy distribution, F a 
\! 

vO•3 and emission lines of H, Hel, and Hell ~4686 together with 

moderately high excitation metal lines such as CIlI ).4650 and NIII 

)'4640. The Balmer decrement was flat. The hydrogen emission lines 

are very optically thick with absorption cores; FWHM(He) = 240km-s-1• 

Al so, FWHM(HeIl ~46B6) = 4Bkm-s-1 and FWHM(CII I ),4650) < 20km-s-1 

where the latter represented measurements of each of the CIII triplet 

components. The reprocessed component dominated the optical spectrum 

except near phase 0.00 where the primary optical continuum was seen, 

and right at phase 0.00 where the secondary backside was observed. 

Feige 24, a similar although non-eclipsing system with a lower 
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primary temperature, showed a less prominent, lower excitation 

emission line spectrum. 

The emi ssi on 1 i ne spectrum of BE UMa resul ts from an 

ionization structure with decreasing ionization vertically into the 

secondary atmosphere. The characteristics of the system such as the 

shape of the EUV energy distribution and the number of ionizing 

photons at the secondary were known better than for other objects 

such as CVs from the preceeding analysis, making this an ideal 

candidate for an analysis of the photoionization mechanism. 

The photoi oni zat i on-recombi nat i on processes in the BE UMa 

reprocessed component were model ed. The i oni zat i on and el ectron 

temperatures were made self-consistent with the perfect gas law (note 

that the atmosphere was not assumed i sotherma 1). Iterat i on of the 

model into the secondary was halted when Balmer continuum optical 

depths exceeded unity or essentially all photons blueward of >.912 

were absorbed. Thus, the hydrogen 1 i ne-produci ng regi ons were not 

modeled. The main effect of changing EUV flux incident at the 

secondary was to change the densities to which EUV photons 

penetrated--the gross characteristics of the ionization structures 

did not change'much (although the radiation flux-dependent continuum 

fluorescence lines changed dramatically). The continuum fluorescence 

(eg. CIII >.4650 and NIII >.4640) and recombination processes (eg. CIII 

>.4070) created all observed CNO emission lines. Hell >.4686 was 

formed by continuum fluoresence while recombination likely 

contributed to HeI line emission. The model that best fit the 
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observed spectrum was parametrized by log gp = 7.0 and Tp = 100,OOOK. 

Accordingly, the best-agreement model reached densities of ne = 

1013.5cm-3 before becoming optically thick in the Balmer continuum. 

Electron temperatures slowly rose from 18,OOOK to 20,OOOK inward into 

the secondary. 

The emission line behavior of Feige 24 was also consistent 

with the photoionization model; lower photoionization rates led to 

emission line production higher up in the secondary atmosphere; 

hence, the hydrogen Balmer decrement was more recombinational. The 

lower EUV radiation intensity due to lower (61,OOOK) primary 

temperature and greater component separation precluded formation of 

high excitation continuum fluorescence line or Hell A4686 as appeared 

in the BE UMa spectrum. 

The results of the BE UMa photoionization model were applied 

to the quiescent disk spectra of cataclysmic variables in Chapter IV. 

The disk chromosphere model of emission line production was expanded 

to include photoionization layering vertically into the disk in the 

same manner as for the BE UMa secondary atmosphere. 

The cataclysmics may be broadly divided into several types: 

classical novae, recurrent novae, nova-like, and dwarf novae. 

By definition, novae have each been observed to erupt only 

once. A nova eruption is caused by a runaway thermonuclear reaction 

in the accreted matter at the white dwarf surface. Recurrent novae 

are similar to the novae except they erupt every 102 years or so. 

When not in eruption, both these systems show a "quiescent" accretion 
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disk spectrum with moderately strong hydrogen Balmer lines and flat 

Balmer decrements, Hel lines with similar singlet and triplet line 

strengths, together with moderate strength Hell A4686 and high 

excitation metal lines such as CIII A4650. Call A3934 emission is 

very weak or absent in these sytems. The rel evant nova-l ike stars 

show spectra indistinguishable from those of quiescent novae but have 

never been observed to erupt. 

The dwarf novae exhibit "outburst" and '~uiescence" behavio~ 

They are classified according to their light curve characteristics 

such as duration and amplitude variations of the outburst states. 

The dwarf novae outbursts are much less energetic than the novae 

eruptions. The dwarf novae quiescent spectra are similar to those of 

novae but of lower excitation. The hydrogen lines are stronger 

although most still show a flat decrement. Call A3934 is typically 

of moderate strength. The Hel tri pl ets are usually stronger than 

their corresponding singlets and are both considerably weaker 

relative to the hydrogen lines than in the novae spectra. High 

excitation lines such as Hell A4686 and CIII A4650 are weak or not 

detected and may be due to such residual effects as hot spot heating. 

Three different types of models have been proposed to account 

for the cataclysmic variable spectra. In the optically thin viscous 

disk model, lines were presumed produced in the LTE but optically 

thin disk outer regions. The disk corona model featured emission 

line production in a tenuous (ne ~ lOllcm- 3) region enveloping the 

binary system. Emission 1 ines were produced across the disk faces 
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due to EUV radiation from the central source in the disk chromosphere 

model. 

Each previous modeling attempt has suffered from several of 

the following major faults: predicted mass accretion rates were 

several orders of magnitude lower than actually observed, low 

excitation lines were not formed, the flat Hel decrement and similar 

Hel singlet-triplet ratios required He/H > 100 to reproduce, the 

observed Hell A4686 and high excitation metal lines were not 

reproduced, and the model line profile predictions were inconsistent 

with observational results. 

For comparison, a set of 13 cataclysmics of most types was 

observed with digital spectroscopy at moderate resolution over 

U3400-8500 to measure emission line strengths. A review of 

published work showed that CV disk sizes were quite similar, 4 - 7 x 

1010cm except for GK Per and RU Peg which both had somewhat larger 

disks. The masses of the CV component stars were also similar, 

ranging over 0.3 - 1.4Me for all the stars; however, individual mass 

determinations published prior to 1980 are suspect because they 

failed to consider deviations of the secondary density from main 

sequence values. 

The disk chromosphere model was used as a basis to consider 

the effects of BE UMa-like rerocessing upon CVs. The source of the 

EUV radiation in cataclysmics is likely the inner disk-white dwarf 

boundary layer where half the disk kinetic energy must be dissipated. 

The boundary regi on was shown to have the same temperature as the 
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innermost di sk regi ons so that the boundary regi on temperature and 

mass accretion are related. Thus, the character of the central 

source EUV radiation and the mass accretion rate are closely related. 

For a CV central source temperature near that of the BE UMa 

primary, the average mean intensity of EUV radiation across the disk 

and the BE UMa secondary are similar. Therefore, a BE UMa-like 

reprocessing effect in the accretion disk faces is quite plausible. 

From the BE UMa model, several inferences regarding the 

character of the EUV radiation and hence mass accretion rate can be 

drawn. At mass accretion rates exceeding about 10- 6•5Me/yr, the 

reprocessed chromosphere is cooler than the underlying accretion disk 

so that absorption line spectra are expected. The result is in good 

agreement with the observational conclusions of Chapter II which show 

that the thick disk absorption cataclysmics must have M >-10-

7.0Ma/yr• For mass accretion rates of M i 1O-9.SMe/yr , the central 

source temperature is 1 ess than 30,000K. Insuffi ci ent EUV fl ux is 

produced to set up any non-negligible photoionization structure. 

Thus, the steady state emission line cataclysmics are associated with 

mass accretion rates of 10-9•S to -6.SMe/yr • 

The EUV flux blueward of ~3S0 drops rapidly below central 

source temperatures of SO,OOOK so that cataclysmics may be divided 

into low and high excitation systems at M = 10-B•5Ma/yr. The high 

excitation novae and nova-like systems have sufficient EUV flux to 

produce moderate-strength continuum fluorescence and recombination 

lines. The EUV radiation penetrates to Balmer continuum optical 
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depths greater than unity, as in BE UMa, so that the hydrogen and 

hel i urn 1 i nes show the fl at decrement characteri stic of radi atively 

populated atomic levels at ne > l013cm-3. With greater mass 

accretion, the underlying disk LTE continuum tends to cover more of 

the Balmer lines. For example, EW(He) decreases with increasing mass 

accretion. The intrinsically wide Balmer lines smooth the pure 

orbital moti on-produced doubl e-peaked profil es so that 1 i ne profil e 

cusps are not observed. The underlyi ng cont i nuum is of lower 

temperature in the low excitation systems so that hydrogen Balmer 

line strengths are increased. Chromospheric photoionization is 

restricted to lower densities so that the HeI line decrement 

approaches its recombinational value. Lower EUV flux reduces the 

chromospheri c i oni zat i on temperature enough so that Ca II )'3934 can 

form. In both high and low excitation systems, the LTE disk 

continuum always exceeds the reprocessed Planckian continuum so that 

accretion disk Balmer jumps are quite small, as observed. Thus, many 

of the problems associated with reconciling earlier models have been 

resolved. However, a quantitative calculation will be necessary to 

determine absolute line strengths in CV systems. 



APPENDIX A 

SELECTED GROTRIAN DIAGRAMS 

The singly and doubly ionized carbon, nitrogen, and oxygen 

Grotrian diagrams relevant to the continuum fluorescence process are 

presented. Note that the diagrams do not necessarily include all the 

terms. In particular, many of the lowest CIII triplet terms are 

absent; see Castor and Nussbaumer (1971) for a more complete diagram. 

Some of the lines listed in Table 13 are not drawn; however, the 

spectral terms are given so that they may easily be located. These 

Grotrian diagrams are from Bashkin and Stoner (1975) although 

slightly altered for clarity and with some errors corrected. 
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Figure ,1. A partial Grotrian diagram for the CII doublets. 
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Figure A2. A partial Grotrian diagram for the CII quartets. 
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Figure A3. A partial Grotrian diagram for the CIII singlets. 
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Figure A4. A partial Grotrian diagram for the CIII triplets. 
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Figure AS. A partial Grotr1an diagram for the Nil singlets. 
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Figure A6. A partial Grotrian diagram for the Nil triplets. 
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Figure A7. A partial Grotr~an diagram for the NIII doublets. 
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Figure AS. A partial Grotrian diagram for the NIII quartets. 
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Figure A9. A partial Grotrian diagram for the Oil doublets. 
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Figure AlO. A partial Grotrian diagram for the Oil quartets. 
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Figure All. A partial Grotrian diagram for the 0111 singlets. 
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FigureA12. A partial Grotrian diagram for the OIII triplets. 

191 



REFERENCES 

Aldrovandi S. M. V. and Pequignot D. 1973, Astr. Ap., 25, 137. 

Allen C. W. 1973, Astrophysical Quantities, (London, Athlone). 

Ando H., Okazaki A., and Nishimura S. 1982, Publ. Astr. Soc. Japan, 
34, 141. 

Bashkin S. and Stoner J. O. 1975,Atomic Ener Levels and Grotrian 
Diagrams (New York: American Elsevier, vol. 1. 

Berriman G. 1983, Ph.D. thesis, California Institute of Technology. 

Bianchini A., Hamzaoglu Eo, and Sabbadin F. 1981, Astr. Ap., 99, 
392. 

Bohnhardt H., Dreschsel H., Rahe J., Wargau vJ., Kl are G., Stahl 0., 
Wolf B., and Krautter J. 1982, International Astronomical 
Union Circular, No. 3749. 

Bond H. E. 1983, preprint. 

Burstein D. and Heiles C. 1978, Ap. J., 225, 40. 

Castor J. I. and Lamers H. J • G. L. M. 1979, Ap. J. Suppl., l2.., 
481. 

Castor J. I. and Nussbaumer H. 1972, M. N. R. A. S., 155, 293. 

Chandrasekhar S. 1960, Radiative Transfer (Toronto: Dover), p. 87. 

Chapman R. D. and Henry R. J. W. 1971a, Ap. J., 168, 169. 

Chapman R. D. and Henry R. J. W. 1971b, Ap. J., 173, 243. 

Cordova F. A. and Mason K. O. 1982, preprint. 

Cowley A. P. and MacConnell D. J. 1972, Ap. J., 176, L27. 

Cowley A. P., Crampton D., and Hesser J. E. 1977, Ap. J., 214, 471. 

Cox J. P. and Giuli R. T. 1961, Ap. J., 133,755. 

Crampton D., Cowley A. P., and Hutchings J. B. 1982, preprint. 

192 



Crawford J. A. and Kraft R. P. 1956, Ap. J., 123, 44. 

Davidson K. 1975, Ap. J., 195, 285. 

Dreschsel H., Rahe J., Hol m A., and Krautter J. 1981, Astr. Ap., 
99, 166. 

193 

Eggleton P. P. 1976, IAU Symposium No. 73, Structure and 
Evolution of Close Binary Systems, ed. P. Eggleton, S. 
Mitton, and J. Whelan (Dordrecht: Reidel), p. 209. 

Ferl and G. J., Lambert D. L., McCall M. J., Shields G. A. and Slovak 
M. H. 1982, Ap. J., 260, 794. 

Ferguson D. H. 1981, Doctoral Candidate, Univ. of Arizona, 
Santa Cruz Cataclysmic Variable Workshop, oral presentation. 

Ferguson D. H. 1982, private communication. 

Ferguson D. H., Liebert J., Green R. F., McGraw J. T., and Spinrad 
H. 1981, Ap. J., 251, 205. 

Flower D. R. 1968, IAU Symposium No. 34, Planetary Nebulae, 
ed. D. E. Osterbrock and C. R. O'Dell (Dordrecht: Reidel). 

Frank J. and King A. R. 1981, M. N. R. A. S., 195, 227. 

Glasby J. S. 1970, The Dwarf Novae, (New York: American Elsevier). 

Gliese W. 1969, Catalog of Nearby Stars (Karlsruhe: G. Braun). 

Green R. F., Richstone D. 0., and Schmidt M. 1978, Ap. J., 224, 892. 

Green R. F., Ferguson D. H., Liebert J., and Schmidt M. 1982, 
P. A. S. P., 94, 560. 

Green R. F., Schmidt M., and Liebert J.1983, in preparation. 

Greenstein J. L. 1966, Ap. J., 144, 496. 

Greenstein J. L. 1980, Highlights of Astronomy, ~, 255. 

Greenstein J. L. and Sargent A. I. 1974, Ap. J. Suppl., 28,157. 

Gunn J. E. and Stryker L. L~ 1982, preprint. 

Henry R. J. W. 1970, Ap. J., 161, 1153. 

Horne K. E. 1983, Ph.D. thesis, California Institute of Technology. 



194 

Hutchings J. B., Cowley A. P., and Crampton D. 1979, Ap. J., 232, 
500. 

James R. F., Ki ng A. R., and Sherri ngton M. R. 1980, M. N. R. A. S., 
191, 559. 

John T. L. 1968, M. N. R. A. S., 138, 137. 

Kaitchuck R. H., Honeycutt R. K., and Schlegel E. M. 1982, preprint. 

Koester D., Liebert J., and Hege E. K. 1979, Astr. Ap., 1!., 163. 

Koester D., Schul z H., and Wei demann V. 1979, Astr. Ap., 1.§., 262. 

Krautter J., Kl are G., Wol f B., Duerbeck H. W., Rahe J., Vogt N., 
and Wargau W. 1981, Astr. Ap., 102,337. 

Krolik J. H. and McKee C. F. 1978, Ap. J. Suppl., 12,459. 

Krzeminski W. and Kraft R. P. 1964, Ap. J., 140,921. 

K u k ark i n B. V. eta 1. 1 9 69, G e n era 1 Cat a 1 01 0 f V a ria b 1 eSt a r s , 
vol. 2 (3rd ed.; Moscow: Academy NAUK • 

Kurochkin N. E. 1964, Peremnye Zvezdy (Academy Sci. USSR Var. Star 
Bull. ), li, No.1, 7. 

Kurochkin N. E. 1971, Peremnye Zvezdy (Academy Sci. USSR Var. Star 
Bull.), 18, 85. 

Kurucz R. L. and Peytremann E. 1975, A Table of Semiempirical 
gf Values, Smithsonian Astrophysical Obs. Special 
Report No. 362. 

Kwan J. and Krolik J. H. 1981, Ap. J., 250, 478. 

Latham D. W. 1979, Smithsonian Ap. Obs. Spec. Rep. No. 385, The MMT 
and the Future of Ground-Based Astronomy, ed. T. C. Weekes, 
p. 119. 

Lecar M., Wheeler J. C., and McKee C. F. 1976, Ap. J., 205,556. 

Liebert J. and Margon B. 1977, Ap. J., 216,18. 

Liebert J. and Stockman H. S.1983, Ann. Rev. Astr. Ap., in prep. 

Luyten W. J. 1968, M. N. R. A. S., 139, 221-

Margon B. and Cohen J. G. 1978, Ap. J., 222, L33. 



195 

Margon B., Downes R. A., and Katz J. 1.1981, Nature, 293, 200. 

Mayo S., Whelan J. A. J., and Wickramasinghe D. T. 1980, 
M. N. R. A. S., 19 3, 79 3. 

Miha1as D. 1978, Stellar Atmospheres (San Francisco: Freeman), 
p. 279. 

Nather R. E., Robinson E. L., and Stover R. J. 1981, Ap. J., 244, 
269. 

O' Connell R. W. 1973, Astr. J., 78, 1075. 

Oke J. B. and Schild R. E. 1970, Ap. J., 161,1015. 

Osterbrock D. E. 1963, Planetary and Space SCi., 11, 621. 

Osterbrock D. E. 1970, J. Phys. B., 1,149. 

Osterbrock D. E. 1974, Astrophysics of Gaseous Nebulae (San 
Franci sco: Freeman). 

Osterbrock D. E. and Wallace R. K. 1977, Ap. Lett., li, 11. 

Pacharintanakul P. and Katz J. I. 1980, Ap. J., 238,985. 

Patterson J. 1982, in press. 

Penning W., Ferguson D. H., McGraw J. T., Liebert J., and Green R. F. 
1983, Ap. J., in press. 

Plavec M. 1968, Adv. Astr. Ap., ~, 226. 

Pringle J. E. 1981, Ann. Rev. Astr. Ap., li, 137. 

Pritchet C. and Van Den Bergh S. 1977, Ap. J. Supp1., 34, 10l. 

Rayne M. W. and Whel an J. A. J. 1981, M. N. R. A. S., 196, 73. 

Reilman R. F. and Manson S. T. 1978, Phys. Rev. A., ~, 2124. 

Ritter H. 1982, preprint. 

Roberts D. E. 1970, J. Phys. B., Sere 2,1, 676. 

Robinson E. L. 1976, Ann. Rev. Astr. Ap., li, 119. 

Robi nson E. L., Nather R. E., and Patterson J. 1978, Ap. J., 219, 
168. 



Sanduleak N. and Pesch P. 1982, Ap. J., 258, Lll. 

Schwarzenberg-Czerny A. 1981, Acta Astronomica, 11, 241. 

Seaton M. J. 1958, Rev. Mod. Phys., 30,979. 

Shakura N. I. and Sunyaev R. A. 1973, Astr. Ap., 24, 337. 

Stover R. J. 1981a, Ap. J., 248, 684. 

Stover R. J. 1981b, Ap. J., 249,673. 

196 

Stover R. J., Robinson E. L., Nather R. E., and Montemayor T. J. 
1980, Ap. J., 240, 597. 

Stover R. J., Robi nson E. L., and Nather R. E. 1981, Ap. J., 248, 
696. 

Strittmatter P. A., Scott J., Whelan J., Wickramasinghe D. T. and 
Woolf N J. 1973, Astron. Ap., li, 275. 

Thorstenson J. R., Charles P. A., Margon B., and Bowyer S. 1978, 
Ap. J., 223, 260. 

Turnshek D., Turnshek D. A., Craine E., and Boeshar P. 1983, 
in preparation. 

Tylenda R. 1981, Acta Astronomica, 11,127. 

Veeder G. J. 1974, Astr. J., J.!i, 1056. 

Wade R. A. 1980, Ph. D. thesis, Cal ifornia Institute of Technology. 

Warner B.1976, IAU Symposium No. 73, Structure and Evolution of 
Close Binary Systems, ed. P. Eggleton, S. Mitton, and J. 
Whel an (Dordrecht: Rei del), p. 85. 

Webbink R. F. 1982, preprint. 

Weise W. L., Smith M. W., and Glennon B. M. 1966, Atomic Transition 
Probabilities (Washington D. C.: U. S. Government Printing 
Office), vol. 1-

Wesemael F. 1981, Ap. J. Suppl., 45, 177. 

Wesemael F., Auer L. H., Van Horn H. M., and Savedoff M. P. 1979, 
Ap. J. Suppl., 43, 159. 

Wesemael F., Green R. F., and Liebert J. 1983, preprint. 



197 

Wessel ius P. R. and Koester D. 1978, Astr. Ap., 70, 745. 

Wielen R. 1974, Highlights of Astronomy, vol. 3, ed. G. Contopoulos 
(Dordrecht: Reidel), p. 396. 

Williams R. E. 1980, Ap. J., 84,562. 

Williams R. E. 1982a, Professor, Univ. of Arizona, private 
communication. 

Williams R. E. 1982b, Professor, Univ. of Arizona, private 
communication. 

Williams R. E. 1983, Professor, Univ. of Arizona, private 
communication. 

Williams R. E. and Ferguson D. H. 1982a, Ap. J., 257,672. 

Williams R. E. and Ferguson D. H. 1982b, IAU Colloq. No" 72, 
Catacl smic Variables and Related Ob"ects, ed. 
M. Livio and G. Shaviv Dordrecht: Reidel) 

Young P. and Schneider D. P. 1980, Ap. J., 238,955. 

Young P., Schneider D. P., and Shectman S. A. 1981a, Ap. J., 245, 
1035. 


