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CHAPTER ONE 

Introduction 

The term cataclysmic variable comprises several types of variable 

star --- novae, recurrent novae, dwarf novae; and to these we add 

the nova-like variables, stars which exhibit many of the character­
; 

istics of the novae hut which have not been observed to erupt. 

U Geminorum, discovered by Hinds in 1855~ is the nomotype of the 

dwarf novae. These stars are characterised by large, abrupt, 

temporary increases in brightness that occur erratically at intervals 

of ten days to a year or more. 

The dwarf novae are faint objects, few reaching 11th magnitude 

at maximum, whereas at minimum light most are fainter than 16th 

magnitude. Thus they are spectroscopically inaccessible to all 

but the largest telescopes. Conventional photometr.ic techniques 

applied to these objects gave no information indicating their 

physical nature. The time-scale of the observations was so long 

that only the gross variations in brightness were detected. Much 

of the observing was undertaken by amateurs ( Fig. 1 ), and from 

this work several of the basic features of this group have emerged. 

Although the outbursts occur erratically, in U Gem at intervals 

from 60 to 200 days; there is a mean interval between outbursts 

and a mean range in magnitude for a particular star. U Gem out­

bursts roughly every 102 days, with a range in magnitude-of 5.1 

( 14.0 to 8.9 ). It was also found that the 'shape' of maxima 

vary; some being 'narrow' where the star was.at maximum for only 

a fetv days, others being ewide' where maximum light was maintained 

for up to two weeks. 
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It was also apparent that all dwarf novae do not behave in the 

same fashion. Some did not always return to minimum light follow­

ing an outburst, but paused at an intermediate level for long 

periods. This characteristic, first noted in Z Chamelopardis, 

caused the dwarf novae to be subdivided into categories --- the 

U Gem or SS Cyg type, and the Z Cam type. There is a tendency, 

although there is much overlap, for the Z Cam stars to have smaller 

ranges and rather more frequent outbursts. 

~VL.IAN DATe! 

5800 !!>850 5900 

U GEMINORUM IN 1956-1957 

19!»6. NOV. I OEC. I JAN. I F"EB. I MAR. I APR. I IV~7 

Figure 1. U Gem. From observations of the AAVSO. 

The first move towards understanding these objects was made at 

Mt. Wilson by Humason(l938) who took spectra of nova remnants, 

and this was followed by a survey of the spectra of dwarf novae 

(Elvey & Babcock, 1943). Both investigations found a continuous 

spectrum with few or no absorption features, but showing Caii and 

Balmer emission. In some objects Hei and Heii were present, also 

in emission. 

Photometry, permitting higher time resolution, showed unexpe~ted 
. 0 

features. In 1953 Walker observed the blue variable MacRAE +43 l 

( = l~'N Lyr ) and found it to be "rapidly and continuously variable. 
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The periods of the fluctuations range from 1 to 30 minutes." 

(Walker, 1954a ). He found similar varia tiona in Nova Per 1901, 

T OrB,. Q Oyg, DQ Her and UX UMa. 

However it was the discovery that both UX DMa (Walker & Herb.ig, 

1954) and DQ Her, or Nova Her 1931-J., (Walker, 1954b) are eclipsing 

binaries of very short period that provided the clue to the inter­

pretation of these variables. Joy(1954) showed that the nova-like 

variable AE Aqr is a'spectroscopic binary, also of very short 

period. In 1960 Kraft made a spectroscopic test for binary motion 

among the U Gem.stars (Kraft, 1962)~ and advanced the hypothesis 

that all cataclysmic variables are short period binaries. The 

present evidence for this hypothesis is summarised in Table 1. 

(War~er, 'unpublished). In addition to these stars, EY Cyg (Kraft, 

1962) and Vl017 Sgr (Kraft, 1964a) both show composite spectra, 

and are assumed to be pole-on. There is no well studied cataclysmic 

which has failed to show evidence of duplicity. 

We note from Table 1 that there is no correlation between type of 

outburst and the binary period. This suggests that it may be 

possible to develop a 'unified model' to fit all cataclysmic var­

iables. The only correlation apparent in Table 1 is that the 

secondary spectrum is visible only in those sys terns with P ~ 6ihr. 

Also, with the exception of T OrB, there is a strong preference 

for short periods. However there are indubitably selection effects 

· operating in this table, due to the difficulty of detecting small 

radial velocity changes in faint objects. 

Having established that we are dealing with binary systems, we look 
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TABLE 1. 

~ ..L p S]2ect{2Y}. Ref". -
T Cr B RN 10.5 . 227d.6 gM3 1 

GK Per N 13.0 16h 26m K2IV"p 2,3,9 

V Sge NL 12.2 12 21 dG: 4 

AE Aqr NL 9 53 dKO 5?6 

RU Peg UG 12.8 8 54 G8IVn 7 

EM Cyg NL 12.9 7 00 G or K 8,9 

Z Cam UG 13.6 6 56 dG1 10 

SS Cyg UG · 11.4 6 38 dG5 7,11 

TT Ari NL 10.6 6 23 12 

RW Tri NL 12.9 5 34 13 

RX And UG 12.6 5 05 7,9 

T Aur N 
" 14.9 4 54 14,15,9 

UX UMa NL 12.3 4 43 16 . 

DQ Her N 14.2 4 39 --- 2o17.,18 

SS Aur UG 14.7 4 20 T9 . 
U Gem UG 14.5 4 10 7,20,21 

WW Cet UG. 13.6 3 50 22,9 

BV Cen UG 12.9 3 47 23 

RR Pic N 12.0 3 29 23,24 

vz· sc1 NL 15.6 3 28 25 

v 603 Aq1 N 11.5 3 19 2,9 

MV' Lyr NL 13.3 2: 26 

Z Cha UG 15.2 l 47 23 

VV Pup NL 14.5 1 40 27,28 

EX Hya UG 13.7 1 39 29 

WZ Sge RN 15.2 1 22 2,30 

AM cvn NL 14.2 18 31.32 
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References to Table~ 

1. Kraft 1958 . 17. Greestein & Kraft 1959 

2. Kraft 1964a 18. Walker 1961 

3. Paczynski 1965a 19. Kraft & Luyten 1965 

4. Herbig et al 1965 20. Krzeminski 1965 

5. Joy 1954 21. Warner & Nather 1971 

6. G. Chincarini, unpublished 22. Kraft 1964b 

7. Kraft 1962 23. Mumf'ord 1971 

8. Mumford & Krzeminski 1969 24. van Houten 1966 

9. Kraft, unpublished 25. Krzeminski 1966 

10. Kraft et a1 1969 26. Walker 1966 

11. Walker & Chincarini 1968 27. Herbig 1960b 

12. Smak & Stepien 1968 28. Warner & Nather 1972a 

13. Walker 1963a 29. Mumf'ord 1967b 

14. Walker 1963b 30. Krzeminski & Smak 1971 

15. Mumford 1967a 31. Smak 1.967 

16. Walker & Herbig 1954 32. Warner & Robinson 1972 

Note: A :dash indicates defini te1y no secondary spectrum present. 

Otherwise not known. 
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to the spectra to provide the identity of the components. In 

those systems ~hich show a secondary spectrum, narrow absorption 
I 

lines of a cool s.tar, a G or K.dwarf', are seen superimposed on the 

high energy spectrum. 

In the spectrum of WZ Sge the absorption features of a DA. white 

dwarf are Present (Greenstein 1957); and broad shallow hydrogen 

absorption is observed in DI Lac (Kraft 1961-J.a) and UX U11':a (Walker . ' 

& Herbig 1954). This, together wfth the indi6ation that these are 

intrinsically faint objects with Mv +5 to +10 (Kraft & Luyten 1965), 

suggests that the primary component of such systems is a white 

dwarf. 

It is the emission spectrum that is characteristic of these objects. 

There is a clear correlation between the type of outburst ( or the 

time scale of the outbursts ) and the emission spectrum, in the 

sense that only tlle novae and the recurrent novae show the 'A4650 

lines bf' C!II - NIII and the forbidden nebular lines. The region 

producing these lines is identified with the nova shell, and will 

not concern u·s further. The emission lines --- the Balmer series, 

Caii, and sometimes Hei and Heii --- are very wide or doubled. ,_ 

Kraft (1963) found that the Heii velocity curve for DQ Her showed 

a classical rotational disturbance before and after mid-eclipse 

.(Fig. 2 ). Furthermore the radial ve'Jf_~i ty changes for the emission 

lines are in antiphase to those of the secondary spectrum, where 

visible. See Fig. 3 • 

We conclude that the emission spectrum originates in a rlattened, 
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Figure 2 • Radial velocities (km sec-1 ) of Heii (A4686) for DQ Her. 
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Figure 3 • Radial veloc·i ties :f'Ol" RU Peg. Open circles· refer to the 

b-right lines, solid circles to the dark lines. 

rapidJ.;t,' rotating region surrounding the primary; which we call 

the 'ring' or 'disc'. The line-width, or line separation, corres­

ponds to a projected velocity of rotation of 200 to 1500 km sec-1 • 

The photometry indicates that we are to identify the strong 

continuum with a fourth light source iocated assymmetricallY in 



- 8 -

the Plane of' the orbi te In U Gem there is a conspicu-ous hump in 

the light curve, and shortly af'ter the maximum o:f this hump it is 

cut into by a deep eclipse ( Fig. L+). 

0-4 0·5 0·6 0·7 0·8 0·9 0 

Figure 4 . U Gem. Vertical axis is intensity ( counts sec-1 ). 

Time resolved spectra have shown that changes in line intensity 

are insufficient to account for the hump ( e.g. S~g, Walker & 

Chincarini 1968 ), and that emission persists during eclipse. 

Although the colours of' cataclysmic variables cannot be determined 

with great accuracy due to the :flickering present, changes in 

colour around the orbit are of' great interpretive value. We note 

that in U Gem the hump is bluer in (B-V) and redder in (U-B) 

than the rest of' the. orbital cycle. The colour change in eclipse 

is the reverse of' this ( Fig. 5). We note also that the f'lickering 

activity is greatest at the maximum of' the hump, and that it dis­

appears during eclipse. These observations indicate that the object 

producing the hump is the object eclipsed. The (U-B) excess in 
.. 

eclipse suggests that the continuum has been reduced, and that the 
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residual light is largely due to the emission lines (Krzeminski 

1965). We conclude.that the 'hot spot• responsible for the hump 

is the origin of the strong continuum, and that it is totally 

eclipsed in the case of U Gem ( the eclipse is essentially flat 

bottomed). 

00 -

' 
0 0 0 0 

() ()0 0 

0 

o oo o 
oo 

·o 

·12 -

-·-··--! ---·---"---- .... --···~~---· ---------' ..... ,. -___..: ... ____ L .. -· ---·----·-------------·-~------ ... - .... __ .. I 
05 00 05 

Pnase 

Figure 5 • Colour for U Gem. 

J 

It was Kraft'_s interpretation of DQ Her (K:raft 1963) which provided 

the mechanism for the production of such a 'hot spot'. He observed 

that in the widely differing systems T CrB, DQ Her, SS Cyg ---

an invariant emerged, and it is that the inferred radius of the 

secondary is~ of the same order as the characteristic .dimension of 

the system, defined as t~(~+ a2 ) Sin i~. In other words the 

secondary fUls one lobe of the inner Lagrangian surface,. and 
'· 

under such conditions Will lose mass through the inner Lagrangian 

point. This m~terial will stream towards the following hemisphere 

of the primary, and may form a ring or disc around it (e.g. Gould 

1957). such a ring will have a limited lifetime, decaying as the 

particles fall to the surface of the primary (Gorbatsky 1969). 
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Since these rings are observed to be persistent features we may 

deduce that the mass transfer is continuous. 

There is some observational evidence to support the theory that 

the secondaries fill their Roche lobe. RU Peg has a secondary 4 

spectrum roughly constant at G8o The 1~ luminosity class, however, 

varies from III at conjunction with the secondary behind; to V 

at elongations. A dwarf star would imitate a giant by a reduction 

of its effective surface gravity. The inferred change is in the 

direction we would expect if the star were filling its Roche lobe 

(Kraft 1962 ). 

When the stream of material from the secondary encounters the ring 

encircling the primary a portion of the kinetic energy of the 

particleswill be converted into radiation. This will produce a 

bright spot, whose size will be determin,ed primarily_ by the cross 

se·ction of the gas stream, and will generally be small (~Tlarner & 

Peters 1972). The rapid flickering observed is then due to the_ 

inhomogeneities in the gas stream. We note that in eclipsing 

systems ( i.e. those with high orbital inclinations only) the spot 

is visible for only half the orbital period (Fig. 4) so the ring 

must be optically dense (e.g. UX UMa, Walker & Herb-ig 1954) in 

fact disc would be a better term for this structure. There is a 

pronounced variation in the V/R ratio of the emission lines around 

the orbit, indicating that the disc is most luminous along the line 

of sight at phase o. 75-0.85, that is in the region of the spot. 

This model of a binary system containing an emission ring and a 
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bright spot (Fig. 6) had been proposed for several systems such 

as UX m~a (Walker & Herbig 1954), VV Pup (Herbig 1960b ), DQ Her 

(Kraft 1959), RW Tri (Walker 1963a), and U Gem (Krzeminski 1965 ). 
Rotation 

Axis 
lw 

~ 
i 

( i) View perpendicular 
to rotation oxi5 

~~ 
I 
I 
I 
I 
I 

Slue White Dwarf, 
Ma~::; M 1 

Rod Main Sequence 
Component, Mo::;~ Mz 

Figure 6 ·• The model for a cataclysmic variable. 

The difficulties encountered by most of the early models were due 

to the siting of the hot spot on the surface of the primary, and 

the assumption that it was the primary that was being eclipsed. 

The reasons for siting the spot in the ring may be summarised:-

1. The spot cannot extend far in longitude, or the hump would 

extend :for more than hal:f the orbital cycle.The duration of' .1 

ingress is, in U Gem, observed to be about 100 seconds. If the 

(small ) spot were located on the surface of the primary, ingress 

would oce'upy only a few seconds. 

2. The spot extends only a few degrees in longitude, and it is not 

plausible that the small cross-section of the gas stream 

could be maintained passing through a~ extended and fairly 

dense medium ( as indicated by the emis.sion lines ) before 

impingeing on the spot. 
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That it is the spot that is eclipsed rather than the primary is 

evidenced by;-

1. The flickering, which we associate with the spot, disappears 

during ~clipse. 

2. It is dif'ficult to explain the marked assymmetry of the eclipse 

as the obscuration of the central star •. 

3. The phase, shape, and duration of the eclipses are somewhat 

·variable, and this is s.imply explained as being due to changes 

in the radius vector of the spot, and the distribution of l 

light in the disc. 

A further difficulty of the model proposed by Krzeminski for U Gem 

was that it required that it was the secondar~ which was respon­

sible f'or the outbursts. It is more probable, indeed certain, that 

it is the primar;y: which outbursts because it is currently thought' 

that the outbursts of' cataclysmic variables are due to non-radial 

pulsations of the \Vhite dwarfs. These pulsation::; are excited by 
' 

the thermal runaway caused when the hydrogen-rich material accreted 

on the sut•face of the white dwarf' is ignited (Warner 1972a). 'rhe 

observational evidence is as follows:-

1. Spectra of u· Gem taken just before maximum show the character­

istics of a B subdwarf. (Elvey & Babcock 1943, Krzeminski 1965) 

2. The 7l sec oscillations observed in DQ Her, attributed to the 

non-radial pulsa tiona of the white dwarf," are not present 

during primary minimum. (Walker 1961, Warner & Nather 1969) 

3. In Z Cha the eclipses are total at minimum ·light. During out­

burts, however, they become only partial eclipses, and as the 

star returns to normal light the flat-b""ottomed eclipse 

reappears. (Warner, unpublished) 
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CHAPTER TWO 

The Observations of U Gem 

Al SpectroscoEtc Observations at Minimum Light 

.,-.... 

1 
C) 
(1) 
0) 

Elvey & Babcock (1943) obtained two low dispersion plates of U Gem. 

Their observations were extended by a series of plates taken by 

Kraft (1962) at a somewhat higher dispersion (~180 R mm-1 ). 

No absorption spectrum is visible. The emission lines of hydrogen 

and Ce.II are strong and clearly doubled. There are·:weak emission 

lines of He II ( "- 4686), He! (?..A. 4471 ~4026) and Fe II (A. 'A 4584; 1+522, 

1+508, 430.3, 4233, 4173 ). The V/R ratio of the strong lines is 

reversed.at opposite elongations. 

Kraft published radial velocity measures for the emission lines, 

(Kraft 1962) and the radial velocity curve is shown in figure 7. 

The fitted curve is for the elements: 

. p = 0~1769:) 591 

K
1 

= 265· km sec-1 

"( = +42 km sec - 1 

~ = 6.46 x 1010 
em 

Spectroscopic conjunction is at photometric phase 0.04 • 

300 

2 
• 

/ 
/ 

; 

ol L~ ' 01. b ol. a 
E . 
c-1oo 

PJ1ase 
\\. // 

.. , / 

' '/ ' / . 
' ~ ' .; ............. -.., 

• •• 
Figure 7 . The radial velocity curve ror U Gem. 
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Microdensitometer tracings of Kraft's spectra, reduced to intensity, 

were measured in order to determine the line separations and 

to tal line widths. The relevant sections of these tracings are 

reproduced in the Appendix. The scale of the tracings, determined 

from a calibration plate of fi Ari, was found to be 

1 mm = 2.04 ± 0.02 R 
Measures of the peak-to-peak line separation are presented in 

Table 2 • We note that, within the experimental error, all lines 

show the same separation between the components. The average for 

all lines gives 

2v Sin i = 990 .: 10 km sec-1 

However if we plot the mean line separation for each exposure 

against phase ( Fig. 8 ), we see that there are disturbances of 

the rotational velocity at phases 0.7 and 0.2 • 

(..) 

0 

C..l 
0 

0 

(..l 

0 

0~ 
-o *-. 

(f) 

> 
0 
u 

0 
u 

• 
+ 

+ • 

• 

+ 

0+------.-------.------~-----.------.-------.------.~~--. 
~'-u.c.:c c.t:::s c;.2~o c.Ps o.sc:o o.f:i2S u.?so C\.'37!' 1'.oc 

PHASE 1 
Fic;ure 8. Rotational veloci·Ues (km sec- ) plotted ag-ainst 

binary "Pllase. 1.1easures from Plate 1277 are plotted as crosses. 



TABLE 2. 

Line Senarations {km sec~ 

I.lean f.iean 
E.e Ht H 0 . }r£ K Hs Hry H9 to H& Hf.. to H 1 i.:ean . ·- ·-- . --r-----1 . Plate Phase 

I : 
11277a 0.153 932 917 970 ~-- 808 - 945 --- 940 

b o.279 920 917 940 894 933 930 I 958 926 
c 10.400 880 845 --- 725 685 --- 800 863 

1323a 
b 

c 

1324a 
b 

c 

1325a 
b 

c 

1326a 
b 

0.795 --- 973 ~-- 1018 1058 --- . --~ 973 
Oo322 969 902 1000 925 934 I --- --- 957 
o.LJ-35 831 --- 955 __ .:., ·--- I 976 --- 893 
o. 587 1007 987 1030 956 934 11102 . -- 1008 
0.722 --- 987 1164 1079 --- 1102 --- 1076 
O. 8l+4 --- --- 865 _..;_ 887 I 944 926 865 
O. 987 919 lOL~3 1015 864 934 . --- --- 992 
0.115 856 1015. 1015 864 934 --·· 1006 962 
0.234 1058 987 1089 987 1136 --- --- 1045 
O. 594 1133 1010 1C89 1049 965 1133 • 1133 1077 
o.714 1259 1128 1134 1203 1075 1196 I 1197 1174 

c !0.831 --- . 987 895 --- 965 976 9L~l 

993 

877 
929 
737 

1038 
\ 930 
' 976 

997 
1091 

919 
899 
935 

1062 
! 1070 
I 1168 

I 971 
I 

965 

91L~ · 

927 
787 

1016 
946 
921 

1003 
1083 

906 
955 
948 

1051 
1073 
"1170 

()51'" 
~·· 0 

• 

1327a ~ 0.008 1007 987 985 --- 965 
b 0.126 907 1015 940 1049 1120 . --- --- 954 

L c o. 233 I 969 959 .1 985 ' 1079 1136 1 --- I --- J ~71 L 1108 ! 1026 -· 
I ],11 I I I I 'I I 

1085 
986 

1006 

p:eans: Plates 975 979 1C04 -976 967 j 103LJ. I 1003 I 986 j 988 987 j __ .. ___ ___. 

..... 
0'\ 

I 

f 

:,: 

·' .. 
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At these positions, near the elongations of the spot, the 

contribution of the spot will greatly enhance one o:r the disc 

components, moving the core of the line from its true position. 

Thus,from figure 8 , we estimate the rotational velocity of the 

disc as measured by the line separation to be 

. vd_ Sin i = 480 ± 10 'km sec-1 

Measures of the total width of the line pairs at half-height are 

presented in Table 3 • The measures were made by estimating the 

level of the underlying continuum by eye, and the average level 

of the two line .peaks; the width was then measured to the nearest 

millimeter. 

TABJ..~E 3 
~ro tal Line=wid t l1s at Half=l1eir;h t .... _______ 

·-<> ___,. ... 
:!lid t l1 Number of measiJpes for: I 

(mm) H~ Hy H& Hs K H~ I:IT) l 
~-- .. 
I 

1o!t 8 I . 
lt!t l~tr l 1 9 

10 2t!r 7'/.f~ 1 3* 
11 6 ~ .. * 8 3 -
12 3 6 1 2 1 

13 l.J.>!t 3 
11.{. 10>~~•lr* 7* . 
15 2>'.c 5 1 

16 10** 2 

17 1 

18 2 

2 Width 
1 l km/sec 1020 1036 1007 894 817 858 782 I 
Asterisks refer to measures from Plate 1277 

• 
We note that the apparent line width decreases as we move to shorter 
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wavelengths. This effect is probably due to uncertainty in the 

true continuum level as the Balmer jump is approached --- causing 

the widths to be measured too. 'high' on the profiles. We note that 

the measures for plate 1277 are not very different to those for 

the other plates. In what follows we shall take the mean line width 

to refer to the lines Hp to H5 only. Furthermore, at this dispersion, 

there is apparently no correlation between the total line width and 

the binary Phase~ We find: 

v' Sin i = 1020 .t 10 km sec-1 

We can correct this measure for the instrumental broadening in a 

rather crude manner. The half width· of each line will be approx­

imately (1020 - 480) km sec-1• We have no measure of the instrumental 

width, but estimate it by rule-of-thumb, i.e. that the line width 

tn km sec - 1 is equal to the diapers ion in R mm-1• The correction 

to be applied is thus; v Sin i = (5402- 902 y! + 480 km sec-l 
= 1012 km sec-1 

The correction is small, and we will not be too far out due to 

our crude model. Further broadening due to the exposure time will 

he discussed in Chapter 4 • 

Here we encounter a problem of inter-pretation --- are we to adopt 

the line separations, or the line widths, as a measure of ·the rotat­

ional velocity of the disc1 Smak (1969) has found that generally 

the mean rotational velocity of the disc is larger than that 

determined from the measures of radial velocities of the emission 

lines. Figure 9 ( from Smak 1969) shows a set of calculated line 

profiles where: 

r1 :is the inner radius of the ring in terms of its outer radius 
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Case 1 ; density distribution within the ring is uniform 

Case 2 ; density decreases linearl.y with radius 

and the dotted line represents the true mean velocity of rotation 

given by: 

v ···~········· •····•· •••.•• ( 1 ) 

whereM1 is the mass of the primary, and r the radius of the ring. 

I, -~---~I 

1.0-. 
Ct. 5 E I 

F(u.) 

0 
u 

Figure 9 • Theoretical profiles (see text). 

Clearly the total line width will be a more reliable estimate of 

v Sin i, and' we note in passing that for M1"" o. 7 M0 and 
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r = 0.12 x 1011 . em ; we ob:tain v :§: 900 Sin 1 km sec-1 , which is 

in good agreement with our observations. 

Smale (1970) has discussed the effects of the blending of the emission 

lines on the radial velocity·curves, and finds that it will in 

general lead to an underestimate of the radial velocity ami>litude. 

In the case of. U Gem this analysis would appear to be unreliable, 

and will be discussed further in Chapter 4 • spurious eccentric­

ities and phase shifts of conjunction will not concern us here, 

as we si1all assume that e::Q (Krusze\vski 1966) and. determine the 

moment of true conjunction from the photometric model. 

A2 Spectroscopic Observations at Maximum 

Spectra of U Gem during outburst have been obtained by Joy (1940), 

El vey & Babcock (1943), and Krzeminski (196 5) o At maximum the 

spectrum is continuous, with very faint Heii ('A 4686) and H j3 in 

emission. However on the rise to maximum there are very wide, 

shallow hydrogen absorption features, reminiscent of a white dwarf; 

with faint absorption of Hei at 'A'A4471 and 4026 • 

Bl Photomeh"'i<LQ.Q..s.e.r..v.a.t,i.o.n.s. -~t Minimum Lip;ht 

In 1961 Krzeminski discovered that U Gem is an eclipsing binary 

(Krzeminski 1965 ), and all further published eclipse photometryr 

has been collected in Table 4 • ( Paczynski 1965, "fl~umf'ord 1964, 

Mumford 1970, Warner & Nather 1971 ). In addition there are eleven 

eclipses observed by Warner at M~onald Observatoryp and one 

( N = 22824 ) observed by Warner and the author at the South 

African Astronomical Observatory at sutherland; using the equip-
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ment described by Nather & Warner (1971). The unpublished eclipses 

are reproduced in the Appendix. All data have been reduced accord­

ing to the method described by Krzeminski (1965) and the (0-C) 

values refer to the elements: 

Min = 2437638.82704 + 0.17690591 X N 

The depth of eclipse is expressed in magnitudes, the width and the 

duration of' egress in terms of the orbital period. 

The light curve varies from one cycle to another, but several basic 

features are well repeated. ( See Fig. 4 ) There is a large hump 

which appears at_ phase ( 0.605 ± o.005)P and lasts fol'' half the 

period. Maximum of this hump occurs at o.85P, and it is symmetrical 

about the maximum. There is a deep flat-bottomed eclipse centred 

on phase ·o.OP ( by definition ). The eclipse width at half depth 
J 

is o.o56P, and egress lasts about o.oo6P • The shape of ingress 

is somew·hat variable, hut the duration of ingress is about O.Ol2P • 

The colours ( See Fig. 5 ) have been discussed in the introduction. 

B2 Photometric Observations at Maximum 

We have no further observations to add, and quote the su~nary 

given by Smak (1971). 

(a) Initial l'isc, :~t T = --.:.2; cx<1mples: JD :2·137732'76 (Krzcmil'l!:iki 
)r.JG;)), JD 2-}:)3001'3·1 :;nd 002'02 (.i\'iumford 106-±). While the !;]wpc of 
cclip~c begins olrcady to chonge, its centr<1l ph11sc rcrnains close to 
r;' ,_.:. 0, ::~ncl the second <1nd tl1c third cont.:;cts arc still quite well de-· 
finc·cl. The colours of ihc bociy eclipsed arc not much different from 
those observed before the outburst (sec Figs. G and 7 of Pnczy1'lski 
(106:1)). 

(b) Final rise, at T = ---1 ::~nd 0; examples: .JD 2·138002'90, 003'07, 
00:3"18, and oo:rDG (Krzemil1ski lOG:), Fig . .S). The centml ph:-~!Oc of eclipse 
shifts to about ce = O'D8:)P ;; t T = 0 (Krzeminski lDG;), Fig. D). No second 
;nxl third con~n<.:Ls can i)e distinguished as the eclipse becomes progres­
sively slJ;;Jlow(:l'. TllC.: <.:(1~0tu·s at the bottom of cclip!::c (.JD 2-;:)8003'9G, 
'I= 0) be:comc different. 
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(c) i\Taximum, roughly from T =.: 0 to T :.= 3 or longer, when the 
eclipse:; (if ~my) arc practically undetectable ~mong the fluctL;.1tions 
(:::ec Fig. 6 o£ Krzcmi1\ski (lDG:i)). 

(c!) Decline, roughly from '1' :::::::1 or l<.tct; ex<1mples: .JD ~~·l:3800G'!)7 -, 
--- OOW!ll (.Krz<:mi1'1:-;ki 1%:)) wilh '1' ::--= :3- :J, .1nd other ol1scrvat:ons at 
Ll'J,r;r T's. i\~; tl:c cc:lip~-;c r<'~lppl::lrs, il::; central ph«sc is «g~lin :li 'P= 0. 

:\::d once tl1c minimum becomes deep <:nough, so that its sll:1pc c··~n .. be 
d::-:cussccl, the second and the third L'Ontacts become visible ag:1in. 'l'lic 
colours of the eclipsed body arc pr«ctically identical with tl:osc bc­
t\\'ccn the out:.:c:l·sts although the colours at the bottom oi eclipse arc' 
initi:1lly sirnilar to those rc«ched at maximum. (sec Figs .. G <"'•nd 7 
oi :Paczy11ski (1%5)). 

Cl The Photometric behaviour between outbursts 

In figures 10, 11, 12 the eclipse parameters are plotteq against 

time from outburst, all colours having been plotted together. The 

changes in the eclipse are fairly well defined. An important 

observation is that the brightness of the spot interpreted 

as the relative brightness of the shoulder --- is practically 

constant throughout the outburst cycle ( cf. Table 4 of Smak (1<17l) ). 
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Y'le may also examine the phase of the eclipse as a function of the 

time from. ou tbt.n.'s t. Smak (1972) has examined this (0-C) versus T 

relationship in order to reduce the scatter in the (0-C) versus N 

relationship. Smak found 

( ) -4 -6 0-C = 3 X 10 -· 7 X 10 X T 

If we invert the process, removing the trend in Figure 13 by fitting 

a curve to it, and then examine the (0-C) versus T relationship 

( Fig. 14 ) we obtain 

(0-0) = 1. 7 X 10-4 4 -6 .4 X 10 X T •••• ".. • • • ( 2) 

in the range 2<T<lOO , where ·only observations of weight /2/ 

have been includ.ed. 
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Fic;ure 13. Residuals co.lculated from Krzeminsl{i 1 s elements 

against cycle number. 

The numerical values in equation (2) are very sensitive to the 

weighting of the observations, however we may say 'that eclipses 

tend to be shifted earlier than predicted as the time from the 

last outburst increases. Over a 100 day period this shift amounts 

to about 0.0025P • 
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C2 The Spec~roscoEic behavioqr between outbursts 

Unf'ortuna tely all but one (No. 1277 ) of Kraft's plates that were 

available for study were taken at the same epoch, 85 days from 

outburst. Plate 1277 was taken 12 days from outburst. 

We see ( Fig. 8 ) that the line separation on plate 1277 is about 

80 km sec-l smaller than that on the other plates. The line widths 

cannot be measured with the same certainty as the separations, 

but those from Plate 1277 are generally smaller than the average. 

However we note that a variation of the radius vector of the spot 

does not necess~rily imply a change in the size of the disc, as 

measured from the line width (Krzeminski & Smak 1971). The changes 

in the radius vector of the spot Will be due largely to the 

changes in the density of the disc along the particle trajectory. 

The large change in the rotational velocity of the disc found by 

Paczynski (1965) was due to the oversight of the variation in the 

line separation around the orbital cycle. 
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CP"~PTER THREE 

Geometry, and choice of' the model 

One of the main difficulties in dealing with the cataclysmic 

variables is that no physical dimension or parameter of the 

. ' 

system is directly measureable. Two measurements we can make 

directly are i) the position of the hump relative to the eclipse, 

and ii) the width of the eclipse. We shall use some basic equations 

relating these observables to the geometric para~eters of the 

system, based.on the simple geometric model developed by Smak (1971). 

We shall assume that: 

i) the hot spot is a point source located in the orbital plane 

ii) the secondary is spherical, its radius being the average of 

the three principal radii of the Roche surface, R2 

iii) the orbit is circular. 

We define two systems of coordinates ( Fig. 16 ): 

.., 1) Oxyz • ·The frame of the stars. The primary is located at the 

origin, the secondary at (1,0,0), and the spot position is 

described by the vector (r,~) • The xy plane is the orbital 

plane. 

11) OXYZ • The frame of the observer. The X axis is located in 

the orbital plane, and the observer views along the Z axis. 

These two frames are rotating relative to one another, and the 

transforming matrix is: 

( ~) = 

( Sin 1/J Cos if; 0 

~) (~) -cos V' Cos i Sin f Cos i Sin 

Cos '/1 Sin i -sin~ Sin 1 Cos 
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We define two systems of' phase --- the true phase from conjunction, 

t.j; ; and the photometric phase, or phase from mid-eclipse, ¢. We 

see from figure 16 that if ~ is the phase at mid-eclipse: 

Tan 'Po = r Sino<. 
1-r COScX 

and we have that ¢ = ~- t/{, 

Figure 16 • The coordinate systems. 

•••••••••••••••• 

•••••••••••••••• 

(3) 

(4) 

Smak (op. cit.) has derived the following equation for the half 

width of eclipse, 6'/J: 

Cos A '/J = l 2 ( Cos~ )
2 li ~ - R2 ( 1 - r Cos ex ) Cosec 1 • • ( 5 ) 

We note that if the spot is extended, provided that the eclipse 

is total and that the width is measured at half depth, equation 

(5) will still be valid. 

Plavec (1968) has given the following expression for the radius 

of the Roche surface, which we identify V{i th the radius of the · 

/ 
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secondary: R2 = 0.38 + O. 20 log10 (q) 
(al + a2) 

where q = M2/M1 and 

(~ + a2) 
_ ( 1 ) ~Sin i 
- ( 1 +-) 

q Sin i 

The maximum o:f the hump will occur at 

¢max = -(\j;o + c< ) 

• • • • • • • • • ( 6) 

• • • • • • • • • • • (7) 

••••••••••••• (8) 

Thus from (5), (6) and (8) we can construct tables relating the 

observables ~max and b~, with the parameters (q,R2 ,r,~,i) • 

. -
I 

This was done using program Eclpar ( see Appendix ) in the ranges 

0.06 ~ r {~ 0.19 ; 42°{0( ~ 56° ; 0.34~R2 !( 0.42 ; 63° ~ i ~ 70° ; where 

the angles \Vere inc-remented a degree at a time, and the distances 

( in units of (~ + a2 ) ) by 0.01 at a time. 

In order to single out the physically plausible solutions we make 

use or the particle trajectory calculations or Warner & Peters 

(1972). We note that the spot positions calculated are essentially 

independent of the angle and velocity of ejection from the second-

.ary, and thus assume nothing of the physical scale of the system. 

Fortunately the shape of the equations is such that there are a 

limited number of solutions, since rt as o<t; 6..'/1 .t as r f or c<·~; and 

~~m j f as rt or ~t. Table 5 lists the possible models for ax 
¢max= -0.15P and 2 ~\)! = o .o56P • 

We see that the problem is effectively reduced to that of deter-

mining tl1e mass ratio of the system. From Table 1 of Warner & 

Peters (op. cit.) we find that l .. O<q<-4.0 from the position of 

the spot. We shall see that the most important arguments concerning 
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TABLE 5. 

u Gem i.7oc1e1s 

Inc1inat ion Had ius / Mass Hatio Spot l'os i tion 
i R2 ____ _g_ c< r 

64° 0.43 1.8 48° 0.12 

65° 0. 1-+2 1.6 48° 0.11 

66° 0.41 1.4 48° 0.10 

67° 0.39 1.1 48° 0.12 

68° 0.38 1.0 Lt.8 
0 0.11 

69° 0.36 o.s Lt-9 
0 

0.1~-

70° 0.35 0.7 L~9° 0.13 

tb.e mass ratio relate to the photometry :following an eruption. 

However at this poir1t we may attempt to determine the mass ratj_o 

on theoretical grounds. Warner (1973) has derived an expression 

between the mass ratio, q, and the ratio K1/v Sin i • We emphasise 

that this relationship assumes only that the secondaries have 

captured rotation and that after leaving the inner Lagrangian point 

the particle conserves its angular momentum about the primary, 

about which it takes up a circular orbit. This relation is well 

defined observationally ( Fig. 1 of' Warner 1973). Other relation­

ships which could be used to determine the mass ratio --- for 

example the period/ mass ratio relation --- embody several addit-
,. 

ional assumptions; and in the case of' U Gem, where these .methods 
., 

differ, we pref'er to use the f'orme1 ... This rather uncertain approach 

will be discussed further in the next chapter. 

From figure J. of' Warner (op. cit.), for K1/v Sin i = 0.26 , we 

find q-1.1 • 
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Table 6 shows the table in the region of' the selected model. 

TABLE 6. 

~idth of eclipse ('.'!) and phase of the lmmp maximum (H) for 

the model . i = 67° and R2 = 0.39 . 

1+6° L+7° 
Angle of Spot. 

~.80 49° 50° 

l 0.051 0.051 0.050 o.oso 0, Ol+~ W 
l 0.10 

-0.140 -:-O.lL!.3 -0.146 -0.149 ~0.152 H 

o. 051-t 0. 0 5L~ 0.053 0.052 0.052 1:J 
0.11 -0 .lL~l -0.1L!.4 -0.147 -0.150 -0.153 H 

0.057 0.056 0.055 0.055 0.05 '.7 
0.12 -0 .lL~3 -0.146 -0.149 -0.152 .:.0.15 H 

l 
0.059 0.059 0.058 0.057 o.osd'.'l 

Ool3 -0.144 -o.11a -0.150 -0.153 -0.156 H 

0.062 0.061 0.060 0.060 0.059 '.I 
) 0.14 -0 .1L~5 -O.lL~S -0.152 -0.155 -0.158 H 
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CHAPTER FOUR 

Discussion and Anal.Y.sis ,of the Light Curv~ 

By-examination of the gross features of the light curve we have 

determined the basic geometrical parameters of our model for the 

U G ern sys tern: R2 = 0.39 

.r = 0.12 

and we will now discuss the observations in more detall to examine 
d • 

the consistency of this tentative solution. 

Due to the presence of extensi':ve and variable nebulosity in the 

system ( e.g. WZ Sge, Krzeminski & Smak 1971) it is not possible;' 

and indeed it would not be plausible, to construct a detailed 

photometi• ic model. to include such effects as the Roche geometry 

of the secondary. We will use the simple model outlined in Chapter 3 • 

A straightforward analogue computer program was written to gener-

ate light curves for these variables, and is presented in Appendix 3 .• 

The Size of the Spot • We can infer something of the physical size 

of tt1e spot from the duration of egress, which we take to be 

o.oo6P ( from Fig. 11 ). By calculating the moments of contact we 

find that the spot extends about 10° in longitude; which implies, 

using equation (7), a physical size of 2.7 x 109 ern (diameter ) •. 

Several other arguments have been used to estimate the size of the 

spot. Warner & Nather (1971), by consideration of the flickering 

timescales, find'that the largest 'elements'· in the gas stream 

are of the order of 2.5 x 109 em in size, and this we ident:ify 

with the size of the spot •. 

I 

I 
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Warner & Nather (op. cit.) also suggest that the spot cannot extend 

more than 5° in longitude because the hump extends over ~ o. 515P • 

Howeve1~ we have already shown that the ring must be optically 

thick, as has been done for UX Uma (walker & Herbig 1954), VV Pup 

(Warner & Nat her 197.2a), RW Tri (Walker 1963a); and it is probabl~ 

that the spot is not on the outer surface of the ring, but located 

some distance within the ring ( e.g. WZ Sge, Krzeminski & Smak 

1971). Hence this argument will provide only a lower limit for 

the dimension of the :spot. We note that the trajectory calculations 

of Warner & Peters(l972) suggest that the spot extends only 5° • 

However this value is based on the two most widely separated 

trajectories, and any encounter between the gas stream,and gas 

within the system ( e_.g. the outer extremities of the ring ) will 

remove any strong constraint on the spot size as deduced from these 

calculations. The arguments concerning the energy radiated by the 

spot (Warner & Nather 1971 9 Sect.9 ) are not altered due to fort­

uitously compensating changes, and are in agreement with those 

outlined above. 

The Light Curve • The light from the system must be comprised of 

four components., viz. 

i) The light from the primary, masked by optically thick 

nebulosity. 

11) The light from the secondary. 

iii) The light from the hot spot. 

iv) The emission from the disc. 

Since we see no trace of the secondary spectrum, ii) is presumably 

small, and any variation with phase will be negligible. The contri­

bution of the primary we will assume to be independent of phase, 
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so that the observed changes in light level are due to the phase 

dependence of iii) and iv) , eclipse excluded. 

.............. _ ...... _.,....., 

With the exception of the hump the light curve shows no large 

scale variations. Since we associate the hump with the spot, as a 

first approximation we assume iv) to be phase independent as well. 

This is a reasonably good approximation as it would appear that 

integrated light from t.he emission of ·the disc is very much less 

than the contribution of the spot in the continuun~ 

The amplitude.of the flickering is clearly correlated with the 

brightness of the system, and persists over the entire cycle 

except during eclipse. Hence, by examining the RMS of the flick­

ering ( Which We take to be a meaSU1"6 of the contribution Of the 

spot ) about the orbital cycle we can estimate the contribution 

of the spot to the total light. A computer program ( Program RMS ) 

was written to perform such an analysis on the two runs 1098 and 

1100 of Warner & Nather (1971) which cover the entire orbit. 

The program takes 60 data points at a time ( which is equivalent 

to 120 seconds, or about four times the timescale of the flicker­

ing ) and calculates the mean level and the ru~s of the flickering 

of that section. The process is repeated at increments of 30 data 

points, so that the sections ar.e overlapped. If' the c·ontribut .. ions 

of the disc, primary and secondary are indeed constant, we expect 

the quantity (amp - bkg)/rms to be constant; where amp = mean level 

or amplitude, bkg = constant level or background , and rms = the 

RMS value of the flickering. 

The analysis was repeated several times using different values of 

the background, and the results were plotted to examine the solution. 

( See Figs. 179 18 ) 
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There is a unique solution to this analysis, albeit rather poorly 

defined. We see that with a background level of approximately 

500000 .counts ~-l the discriminating function is nearly flat. 
V'-\.IY\, 

Thus the spot contributes about 6ooooo counts ~..;.1 , or just over 
'1\1\.1'"' 

half the total light from the system. The background level is, 

within the error of its determination, the same as the level at 

mid-eclipse. Thus the spot is totally eclipsed --- a conclusion 

we had reached by observing that the flickering disappears in 

eclipse. Furthermore the (U-B) excess in eclipse implies that the 

residual light is mostly in the emission lines (Krzeminski 1965). 

On the eclipse of the disc • The irregular shape of ingress, and 

of the eclipse, suggests that there is obscuration of variable, 

nebular material ( e.g. in DQ Her, Kraft 1963). That it is not 

only the spot that is eclipsed can be deduced from the changes 

in the eclipse following an outburst. 

During the rise to maximum the eclipse becomes shallower, since 

the brightness of the spot remains constant; but remains at phase 

o.o • The gaseous envelope surrounding the primary is expanding, 

and is now highly luminous. During the final rise an eclipse appears 

at phase o. 985 which we interpret as a partial eclipse of the bright 

envelope encircling the primary. Our model predicts the phase of 

this eclipse, -'fc, to be 0.9846 • VIe note that this interpretation 

predicts that during the early decline from maximum eclipses would 

again be visible first at phase o. 985 • However the ecli-pse is 

very shallow, and the system very active, so it could easily be 

missed or obscured by the extensive luminous gas present following 

an eruption. This agrees closely with the orbital inclination 

- ' ! 

I 
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derived by consider~tion of' the eclipse width and the mass ratio; 

since \7·e :Lind that Sin( 90 - i) = 0.391 , and the primary is only 

jest not eclipsed. 

The outbul"St of a dv,rar:r nova occupies typically two to three \Veeks 

before the system has returned to normal light. Paczynski (1965) 

no.tecl that 12 days from maximum U Gem was still 1m.5 above minimum, 

whereas in the period 25 to 85 days from outburst the brightness 

of the system remained constant. Yve see in Figs~ 10 to 12 that 

there is a fairly abrupt change in the behaviour of the parameters 1 

of' the eclipse in the region of 20 days from outbUl"St. We suggest 

·that, during the :first 20 days from outbtn•st, some of the enlarged, 

bright central 'nucleus' surrounding the primary is eclipsedo By 

about 20 days from the eruption this 'nucleus' has faded and con- · 

tracted to its equilibrium state. 

It is clear that at inclinations where tb.e primary is on. the point 

of being eclipsed, that some of the disc must be eclipsed. Moreover 

we have to explain the observations that between 20 ~nd 100 days 

from outburst the vVid th of the eel ipse decreases f'rom 0 .08 to 0 o o6P ,and 

the d.uPa tion of egress from 0.01 to 0 .oo6P; accompanied by a phase 

shift of roughly 0 .002P o · 

It is possible to explain this as being due to a change in the 

spot position alone. Dering an eruption the only change experienced 

by the secondary would be a heating of the surf'ace facing the white 

dwarf --- and we expect the particle trajectory to be unchanged as 

it is only weakly dependent on the velocity of ejection .. An increase 

in the radius vector of the spot thus reslllts in a decrease in 

the angle of the spot, which is what we require to reconcile a 
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small phase shift with a large change in the eclipse width. If 

r is increased to 0.16 , we find ~N38°, and this leads to the 

correct changes in phase and width; and together v1i th a contraction 

of the spot, will explain the changes of egress. 

We favour an alternative interpretation where the trends apparent 

in Figures 10 and 11 are due partly to changes in the eclipse of 

the disc. Firstly the radial velocity data shows that between 12 

and 85 days from outburst the rotational velocity of the disc 

decreased by 10% at most, and since v2r = constant we find a change 

in r of not more than 20% .. Furthermore if our interpretation of 

the photometric behaviour in the first 20 days is corx•ect, we 

expect the spot vector to have 'stabilised' in 20 days or so, and 

predict that there is no change in the radial velocities in the 
l 

period following 25 days from outburst. 

We see that in run 1098, 22 days from-maximum, there is what 

appears to be an 'overshoot' of the eclipse. Similar features are 

sometimes present in the eclipses of VV Pup (Warner & Nather 1972a), 

another cataclysmic witth a high orbital inclination. We suggest 

that this is due to the eclipse and reappearance of a portion of 

the bright; central nucleus of the disc. The eclipse on the night 

following, run 1100, shows an intef.'esting 'standstill' during 

ingress. A hint of this standstill is apparent in all the other 

runs, and it occurs at the point where the slope of ingress changes. 
t 

We suggest that the core' of the spot is eclipsed first, and that 

where·the slope of' ingress changes the bright region downstream 

from the spot is eclipsed. Some \Veight is added to this argument 

by noting that the ratio of the intensities of the first portion 
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of ingress to that of the linear portion of egress is rougl~y 

constant, and equal to the ratio of the projection factors at 

the two phases 9 1 : 1.25 • 

Paczynski (1965) found that the brightness in U of the eclipsed 

body increases with time, whereas the opposite is true of the bright­

ness in. eclipse. 1./Ve therefore suggest the follovving explanation. 

Following an eruption the disc is relatively dense and bright, and· 

the spot is diffuse and ex.tended due to scattering of the energy 

from its centre. Between the outblH'S ts the density or the disc 

decreases as the material falls to the surface of the white dwarf, 

and the spot shrinks and becomes more compact. We are dealingwith 

a total eclipse of the spot and the bright disc downstream from 

the spot, plus a partial eclipse of the disc. 

Sm§1$_'~ .f:bna.J_ysiE! .• We have used the simple model advanced by Smak 

(1971). The solution found by Smak is untenable due to the siting 

of' the spot at ex, ....,10° o Smak's approach to the problem --- to set 1 

up a system of equations and to solve them simultaneously using 

data from two epochs, interpreted as two spot positions ---would 

appear to be unreliable 9 although it has the great advantage of 

being essentially independent. 

Our qual~tive interpretation of' the light curve agrees essentially 

With Srnak's completely independent approach. He finds that the 

disc immediately adjacent to the spot is brighter than elsewhere, 

and that the inferred brightness or the spot will include this 

bright region of the disc. This brightened region about the spot 

we·identif'y with the second portion of ingress, and represents 

'· 
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about 30% of the calculated intensity of the spot. Smak found 

that the proportion of the Light from the disc that was eclipsed 

increased with time from outburst, and that it could be as rouch 

as 40% • He concludes that the radius vector of the spot is less 

than the radius of the disc, which is extended in the z coordinate. 

The brightness distribution of the disc is not uniform. ( Sect. 4.2 

of Srnak op.cit. ). In the course of our discussion we have assembled 

the same picture of the eclipse of the disc. 
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CHAPTER FIVE 

Physical Properties and Conclusion 
s Up to this point we have used no abRlute dimension. It is in the 

determination of this 0 scal.e factor' that the difficulties and 

tt1e curiosity of U Gem become apparent. The one datum which separates 

U Gem from the other cataclysmic variables ~s its exceptionallY 

large K1 of 265 km sec-1 • This would imply either a very high mass 

ratio for the system; or that the total mass is rather smaller 
y 

than that of the other catac:I,_smics. 

There is no evidence? theoretical or observational, to suggest 

that lobe-filling secondaries will depart from the mass I radius 

fornormal main sequence stars. The mass I radius relationship we 

shall be using is that computed· by Bodenheimer ( Faulkner et al 1971). 

taken from Warner (1973). 

With q known we can de~ermine M2 directly from Kepler's third law 

and K
1

• We obtain M2 = 1.6 M0 ~ and from equation (6) R2 = o. 78 R0• 

This is an impossible situation, since from the spectrum of the 

disc we know that the composition of the secondary cannot be too 

·unusual -- in particular it is not a helium star -- and so cannot 

fall below the mass / radius relationship for the main sequence. 

This situation casts doubt on the assumed value of q we have been 

using --- but in the range 0., 7 ~ q .(. 4.0 there is no value of q 

for which tr2 ( from Kepler ) and R2 ( from Roche geometry ) are 

compatible with the mass I radius ralation. We know that the period 

is eorrect, and this would suggest that the published value of K1 
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is misleading. Smak(l97l Sect 5.2) reached the same conclusion. 

The published radial velocities of U Gem are the average of the 

measures for the two component lines (Kraft 1962 ). If the phase 

dependence of the motions of' the two components are different due 

to the additional spot component, the radial velocities taken from 

the averages will be erroneous. We see ( Fig. 8 ) that this is 

indeed the case. At phases 0.6 to Oo8 , when the spot plus the 

bright region downstream of the spot is approaching, v Sin i is 

increased by about 160 km sec-l relative to that at phase 0.5 • 

At phases Ool to 0.3 , when the spot is receding, there is a some­

what smaller disturbance of 100 km sec-1 • These disturbances at 

the peaks of the radial velocity curve are sufficient to increase 

the true radial velocity from · 200 km sec-1 to the observed value 

of 265 km sec-1 • Smak (1970) has examined the effects of the blend­

ing of the emission lines. This analysis fails in the case of U Gem 

because it is assumed that the intensity of the emission line from 

the spot is· a symmetric function of¢. Furthermore the line intensity 

from the spot is presumably large, and it is questionable .whether 

such a crude treatment of the blending, or the variation of' intensity 

with velocity, Will give useful results. 

The above discussion makes the validity of our mass ratio --- derived 

from the measured K1/ v Sin i --- highly questionable. Whereas we 

have shown that the value of K1 is an overestimate, so too is that 

of.v Sin i. Firstly it is difficult to define what we are to 

measure to evaluate v Sin i • In all other cataclysmic variables 

it is taken to he half' the totru width of the line ( single or 

doubled ) measured from the plates. If' ti1e same procedure is followed 



- 46 -

in each case~ the goodcorrelat1o5Petween K
1
1 v Sin i ( observed ) 

and mass r·a tio found by Warner (1973) is due to a number of 

compensating factors present in most or all cataclysmic variables. 

e 
HO\'V,yer this rather dubious situation may be redeemed by noting the 

constraints placed on the mass ratio by the photometry. Firs.tiy, 

from Table 5 , if' q <1.1 the Pi"imary will be eclipsed at minimum 

light, and this is not the case. Secondly, Kepler's third law, 

together with the Roche geometry and the mass I radius relations hip 

for the secon~ary, will define a s irrrple (K
1 

, q , li2 ) surface for 

a given system. For true K1 ~ 200 km sec-1 we obtain q = 1.1 and 

/ 

Thus we have that M1 = 0. 62 M
0 

• We can make an independent estimate 

of 1.~ from equation (1) • Our measurement of v Sin i was ~000 km sec-1 , 

but durin·g the exposure of 30 minutes the line profile will have 

moved on average 100 km sec-1 , and the true v Sin i is 900 km sec-1 • 

With r = 1.·2 x 10
10 em we find Ml = O. 62 M0 • 

The value we obtain for M1 is roughly half that found for tho 

primary mass of other dwarf novae. This is to be expected since 

we know that U Gem does not obey the period / mass ratio relation-
I 

sh:ip founcl for other cataclysmic variables .. It is easy to show 

that this relation requires that the primary mass is constant for 

the group (Warner 1973 )o 

The period I luminosity relationship o:r Kraf't(196I.t.a) gives Mv(2Y) o:r 

about (9 .. 0 .:!: 1.5). We note in passing that this relationship 
. 

explains why the secondary spectrum is visible only in those 
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systems with P ~ 6i hours ( See Table 1 ). With M2 = 0.68 M0 we 

find that the secondary is of spectral type K2 or K3 , and that 

Mv~s 9 vth:ich agrees satisfactorily with our first estimate. 

We know that the secondary does not contribute more than about 25~· /-
; 

of the light of the system ( o.r we would detect its spectrum ) , 

and adopting Mv(2Y) ~ 8.5 we find that the absolute magnitude of 

U Gem is about 7.0. This estimate is.highly uncertain, but agrees 

adequately with Kraft & Luyten's (1965) mean absolute magnitude for 

the U Gem stars. 

The Result 

The mass we have derived for the primary of U Gem is slightly 

uncertain due to the uncertainty in true K1• However one result 

is clear, and that is that the primary mass in U Gem is consider­

ably less than the value found by Warner(l973) for the primaries 

of all other cataclysmic variables for which a mass could be 

derived. Warner found that, with the exception of U Gem, the masses 

of the primaries were in the range (1.2 ± 0.2)M0 , which we note 

is just short or .the Chandrasekhar limit., whereas the mass of a 

typical field white dwarf is of the order of 0.4 M0 • 

The low mass found for the primary may be of considerable evolution­

ary significance, for it gives credence to the suggestion that the 

primaries start out as ordinary white dwarfs, and retain all the 

accreted material until they approach the Chandrasekhar limit, at 

which point the outbursts become sufficiently energetic to cause 

mass loss from the system. 
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Conclusion 

We have found that __ the_ following set of parameters provides a 

consistent solution f'or U Gem : 

i = 67° r = 0.12 

q = lol 0{ = 48° 

(~ + a2) = 1011 em M2 = o.68 M0 

While the primary is presumed to be a white dwarf', the secondary 

is a main sequence dwarf of spectral class ""'K2 (Allen 1955). _It 

is the primary component tha.t is responsible for the eruptions. 

Further worlc on U Gem must await both theoretical and observational 

advances: 

i) Observations at minimu~ light are required over a wider range 

of wavelength--- particularly the u~traviolet --- in order 

to evaluate the total flux.of the system. 

j_i) High time resolution photometry through the outburst is required 

to establish the behaviour of the hump relative to the eclipse. 

iii) Further radial velocity data at several epochs from outburst 

is urgently required ... It is essential to measur•e the velocities 

of the line components separately in order to evaluate K1 , 

and hence q , more accurately. 

iv) We require theoretical work on. the structuz•e of the disc to 

interpret our observations of the disc --- in particular 

v Sin 1 ---more realistically. Several authors ( e.g. Warner 

& Nather 1971, Krzeminski & Smak 1971) have examined the 

energetics of the spot. However, due to the difficulties of' 

interpretation, we feel that there is little to be gained by 

repeating these analyses at this stage .. 
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APPENDIX 1 

Photometric Data 

This section contains reproductions or the eclipse photometry. 

The vertical axis is intensity ( detected photon rate in counts 

sec-l corrected to outside the atmosphere ) on the instrumental 

system. For Runs 1098 & 1100 the units are counts min-1 , and 

Runs 1231 & 1245 were made under poor conditions of transparency. 

The horizontal axis is tl1e heliocentric Julian date in the sense 

Time = JD0 - 2440 ooo. 
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APPENDIX 2 _ 

__ Computer Prograrnf!. 

. 
The f'ollowing three programst 111ritten in Forti'an V, were executed 

on the m~IVAC 1106 at·the University of Cape Town. 

1. Program ECLPAR 

C*** THIS PROGRAM CA~CULATiS THS PARA~ETER3 OF THE ECLIPSE OF THE HOT ~PCT 

lMFLiClT DOU~L~ PrlClSlONlDJ 
DlM~NSlO~ W{l~J~?ll5lvH(l5l 

DATA Pl/3.141592£~3&/ 

lOU fOHMAT('l'•v P~2AXET~RS FOR THE ECLIPSE OF THE HOT SPOT WITH: ALI 
•='rFQolt' AND R2='tF4~ZtlOXt'G= ~,F4.2t// r7Xt' •42* •43* 
**44~ •45* •45* •47* •48* •49* •SC• •51* •5 
·~· •53• •54• •55• ·~5*') 

lUl FORM~T('Q~,••o•,F3.2t'*'•F7.6,14F8.6'' W'l 
102 FCR~ATC' •,• *'tf7.5tl4F3.c9 9 P'} 
1U3 FOR~~hT( 9 

'•' 

JI - b2 .. G 
GO 2 I = 1.r9 
SI - t:l + 1.0 
RZ- 0.33 
AI=<C:ti•P.i)/li:lU.O 
JO 1 J=l~ll 

RZ = RZ + C.Gl 
H - GoiJ5 
Q = (R2 ~ 0.38) I C.2C 
0 = lC.O••G 
WHITl(S,lCC> ~l,R2rG 

lJO 11 K=l,l4 
F~=R+G.Ol 

;:,A :: 41.C 

UO 10 !...=lv15 · 
::lA = UA + 1.0 
A=tt~A*Pll/18G. 

!JP=DPSICRtA) 
PCL)::SNGLCDP)/(2*ri> 
JW=UWlOECR2tRrAtA!l 
WCLI=SNGL<OW)/(Z*Pl) 
n(Ll=~(L)+A/(Z*PI> 

lC CONTiNUE 
~~ f~ A X = A 11 A X 1 ( ~~ { 1 l t W { 2 ) , ~J ( 3 l ' vi { 4 ) , H ( 5 l ' W ( 6 ) , ~~ ( 7 ) t W C 8 l , \·J C 3 ) ' i4 ( 1 C ) , ~~ ( ll 

* } ' ~~ { 1 2 ) ' w ( 1 3 ) ' \•J { : 4 ) ' 1_.; ( l 5 l ) 
IF ( IJI·iAX.!... T. C. 80SSC81) GO TO 11 
WR1.Ttl5tl01J RtCWCLltL::I,15l 
~!iHTit5tl02) IP(L.l tL=lfl5l 
WRlf[lb,lC3l CH!LJrL=lt15l 

1 c u i'; T 1. r·! u £ 
? cr;:-n lN:..JE 

u:u 
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~UNLT~GN D~lULlR2,RthrAll 

=~~LiC~T ilJUJLC PRLCiSIONtD) 
G;>.::uP:::...i.<H~Al 

:JX:::JCO$ IUXl 
LY::UJL~IH*COS<All 

JY=l.OiJC-DY 
0L=U0L.t:.< RZ) 
GL:: (;;Lt.< OX) /OY 
t.; L:::!. • (.; lHJ- 0 i.: ,;, ~" 2 
H!JL.l 1,:~,2 

1 :.; ~i.:. lJ i_:: 0 ., 0 D 0 
iH. T~RN 

~ OA::ULLL(SIN<AIJJ 
.;L::S~:H(Ul)/OA 

HlU2.GE..I.Gl GO TO 1 
v ~,!..:. LJ t..:: 0 A C 0 S ( U Z ) 
J!-!ltJL:: z.CDC * G'.dCi.. 
.. ~0: T u R;': 
c--.. r' 
"-''4l.J 

FUNCTiON DPS1CRtAl 
I~PL~CIT DOU~L~ ?R~CISION<Ul 

uX::UGLl<R*SINIAll 
uY=UdL~(R*CO~<A)l 

t..:Y=l.CUC-iJY 
UL::C.J<IDY 
!JPS.l=uATANtDZl 
R!::TURN 
:::.NO 

2o Program RMS 

Cooo rHl~ PH0G~AM CALCULAT~S THE ROCT MEAN SQUARE OF TH~ FLICKERING 
L; 1 ;:, :_ f I S l 0 ;~ l Y ( l 2 C ) ' X ( 3 0 C l t Y ( 3 C; 0 ) ' Z ( 3 0 C ) ' C ( 5 ' 3 C 0 ) , A A ( 5 ) 

lUG F ORi~A T ( 10I7 l 
1 0 1 F G R 1-; A ·r ( • l • ' • P HAS L ' t 5 X , • .AMP LIT U 0:::: " r 5 X , "' R !'1 S • , 5 ( 3 X ~ "C :: ' , Fe ~ C ) ~ I l 
1C2 FOR~ATC• •,F5.~tF13.:,Fl2oO,:X,SF13.ll 

3CC FOH~Allf~.3t2~~G~l,SF1G.l) 
Jl=: 

:!. Ht.AU(ij,lJC,t:::~G=2l tiYOO •K=l,60) 
I N l T = l rH T + 1 
ZlNl=RMEA~S(lYtG8,YMP~lviNIT) 

Y 1 r~ J = v i"l 
f~ ~~N= 2 '* N 
X ( N) =F'HASER ( NN:~ J 

~=N+:!.. 

GG Tv l 

;; = ( Y < J } - ;; i I f. { J J 
(.:(l9v!) = !:; 



A/1.(1)::;:, 

A=A-lOOOOC.o 
4 CONTlNUE 

r-:r1=SZ 
lP WkiTEl5t101J AA 

-3 -

\·i 1·< ITt. < S , 10 2. ) I X < K l r Y < X l , Z < K l , { C ( l , K l , L= 1 9 5 ) , K:: M v M £". ) 
If I t·11·1. G E • rn G 0 T 0 11 
~1 = ~~ + s 2 
MM:::::cill,+ 52 
1 F UHL G E oN ) ~H~:: ~~ 

GO TO 10 
11 CONTINUE 

Pt.JNCH 300'. 
t.ND 

( X ( K} , Y ( K l , Z ( K) , { C ( L, iO 'L= 1, 5) , K= 1, N l 

FUNCTiON RKEANStXrN9~tSrlNIJl 
IMPLICIT INTiG~R IXl 
DI~~NSIO~ XCNltXX(120J 

s::o.c 
IF!lN~T~GT-ll GO TO 2 
DO 1 l::I,N 

1 XXUJ::X{lJ 
f<t~LANS::0.-0 

RSTURN 4 
2 CONTII\UE 

.DO 3 i.=l•N 
3 s::s + XUl + XX<Il 

A=S. I FLOAT(2*Nl 
ao 4 I::l,N 

·ol=txti>-.0.)**2 
!.:2:: (XX (I l.-·A J **2 

4 SUM=SUM + Dl + 02 
00 5 I::lvN 

5 XX!Il=Xtll 
RMLANS::SQRT<SUM/FLOATlZ•Nll 
RETURN 
OlD 

Ti.t·, C i l Gts l"'H 'l.:,;: r· ( '~) 

:J t· r .'\ r ? f r;. r. , r , 1 1 ,, • / n • ro :> ~t J 1 'I ' 11. t, t- {, ? o 1 

f::::FL(• 1;1 (1,} 

l"' li.Ci-u' +IX/ /Jl.!Jl I /'i.f) 

T :: T - ·.1 '1 T ~~ 

1-•H,'\'-.E-t - r I 11, J7i.9 

Hf:'TU!(" 
t: ,. () 

I 
~ 

. 
r 
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3. ~E_am HQJSPOT 

This simple analogue program generates a set of light curves for 

the eclipse of the hotspot by varying one of the parameters i, 

R2 , , or r • The spot is modelled as a flat emitting surface 

( i.e. its intensity I = I
0
Cos ( + ). ) composed of 120 elements 

each of dimension ~0 square, forming an elongated, tear-shaped 

spot. At each value of the position of each element is .calculated 

and then projected onto the plane of the sky. The program then 

tests each to see whether it is obscured by the secondary. The 

brightness of the spot is taken, quite arbitrarily, to be eight 

units. 

C•** THIS PROGRAM CALCULATES THE THEORETICAL LIGHT CURVE FOR AN ECLIPSE 
C OF A nOT SPOT 

DIM ENS 1 C N X ( 5 v 3 0 0} ' Y C 5 ' 30 0 ) , Z ( 5 , 3 0 0 J , X P L 0 T ( 2 58) , Y PLOT ( 2 58 ) 
UATA AlltALSfRDS,RC2rEPS I 67.Ct4S.C,0.12Jt0.39,0.SO I 
UO 1 K =1•5 
AL:.; = ALS + l.J 
CALL MODE~ (K,ALltALSrR~SrRD2tEPSrXrY,z) 

1 CUNTINiJE 
Cf..Ll ~GN.PL T 
!JO 3 K = lt5 
CO 2 N = 1r2c8 
XPLOT(NJ - X(K,~J 

YPLOT(NJ = Y<KrNl 
2 CONT .... NUE 

N = 2Go 
CALL PLOTIT(XP~CT,YPLOTtNJ 

3 CUNTlNUE. 
CALL tNDPLT 
Et!O 
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~U~HCUTlNl Vau~L {KvAL~t~L~tRGStRDZrCPSrHtUGE~rFRACl 

!J I i·1 i. : ~ S ~ 0 ;·: H ( S ' !:. ~:.:. ) , f R A C t S ' 3 !J C l , U G E ~'. ( S t 3 0 0 l t X ( l 5 !J ) t Y ( 1 5 Q 1 
C 0 ~·; ~~; C f·~ I S P 0 T S I X ' Y 1 r ( ' 0 £ T A v P S 1 t f'< ;... Q t PI 
rfJRMATi'l•,• U Gt.i' LIGHT CURVE FCR Ir~CLINATICN =~,Ft~~lr'; 

*lT.i.o;; c•tf-4•2t't'rF4 .. :,•J AN::: SECO!'lO;.Ry RADIUS:: 'tF4.2) 
F~~~~T('C't512Xr•r~A~E•,zx,•LIGHT'r2Xt'FRACT ')J 

lLi fCkMhTI' •,~(3f7.~r• •J l 
!G3 F0R~Af{' 'vl4r3Fl~.5r2£1Jr2FlC.5r3Fl0.7l 

l L 4 F (: k ti;:.. T ( ' 1 ' l 
JATA Pl I 3.1415S I 
HAJ :: PI I l8C.C: 

SPOT PC:; 

PSlO = ATA:H (i-US*SIN <t.LS*RAOl )/( 1.0 - RDS*CGS( ALS*RADl} )/(Z.~>Pil 
c 
C**** 
c 

DU lCO~ i = lr2G8 
r. - • 

'4 - J.. 

HIK~ll :: -AL~/3GG.J + l/1080.0 
P S 1 :: H ( :< , l l * 2 * P l 
X 2 :: ~ H; ( P S I ) 
Y2 =-CCS:t PSI l *CCS ( ALl*RAu l 
tJO lCCi J::l,5 
0 f::. T A :: !:. P S * U - J } *:;A 0 
CALL SPOT!J,ALS,AL1,~0StEPS) 

1Dl1l C UNT .i..I':UE. 
It-RAC :: C 
N = N - l 
00 1C02 · J::l t f~ 

~1SC :: CX(J) - XZl**~ + (Y(J) - YZl**2 
!~CS~~T(JlSCJ.Ll.~D2J IFRAC:: IFRAC + 1 

1CC2 CC~n.iNUt~ 

FRACIKt!l = fLOATllFRAC)/FLOATIN} 
FR~C(~,ll = 1.~- FR~C(K,IJ 

~ :: PSl + ~LS*RAC 

Gl = 8.C*COStAl 
HIKrl} = H(K,iJ - PSiO 
UGLM{V,ll :: Ul•FRAC(K,ll + 2.C 
WHIT~t5rl03) f,?Sl,X2tY2riFRACrN,UltPSIOtXC55ltYC55),SETA 

10['0 CONTINUE. 

* 
* 
* 
* 

W~lT~cs,:CC> ALirRCS,ALS,RD2 
WHlTLI5tlDll ~ 

L)O 1. 
..,., - 1rS4 I,.._ -

t·i2 - 54 + ("'1 - ·-
i''i3 =leo + rn 
M4 =:.E.2 + r.a 
t~ ~ = 21 G + ;·n 
1F(~i.LE.52} WRITEC5r1C2) HCKtMlltUGE~(K,Ml)rFRACCX,Mllt 

H t K dr. 2) , UG C. :·H K , ~12) , F R A C { K tt12) , 
HCKtM3lrUCEM(K,~3JrFRACCKtM3)t 

HCXrM4J,UGEM(X,M4l,FRAC!KtM4)t 
H!KtM5lrUGEM<KtM5l9FRACfKt~5) 

I~<Ml.G~.53l WRIT~l5tlC2l HCKtMlJtUG~MCKrMlltFRAC!KtXllt 

* H ( K , t~ 2 l t U G E M { K , :·~ 2 l t F R A C ( K ' t'. Z l ' 

* 
* 

l CC·~T.:.~~Jt: 

\i f"1 ~ T..:.. ( S , :.;_ G It ) 
El TURr'l 

H ( K , t-1 3 l , U G E :~ ( K , '1 3 ) , F R A C ( K , M 3 ) , 
HCKtM4ltUGEM!KrM4lrFRAC(K,M4l 

,... 
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~U~HGUTIN~ SPCTIJ,ALSr~LltRDS,[PSJ 

THlS ~U~ROUT~Nt C~LCJLATLS THl POSITI~NS OF THE ELC~E~TS CF 
<- A~;:.., THd: PF\QJt.CTS.TH:::.SL ONTO THE PLAI\E OF THE Sf<Y 

.1 .... 

2 

J 

C 0 i·;t:; C r i I S P C T S I ;...: t Y t ;..; t :.) t. T A ' P S I , R A 0 , P l 
~U TG (1,2t3t2,!1 ~ J 
:\ l - 7 -
f',f') - l::l •'~- -
sc Tu 4 
• I 1 - •) 

"- - L. 

f'l2 - 27 -
GO TC 4 
'~I '1 - l h.i. -. ' .... - J4 i'• 4- -
C OtHJ. ~~U E 
DC ~· K - 1'· ~ ., •.I '') - I 4 .J., f t' 4.. 

~ = lCALS- ll.S,~FSJ + X*~PSJ•RAD 
XS - f?lJS*COSlAl 
YS = ~~8S*SH:< A) 
LS = HDS*TAN!3iT~l 
XCNJ = SlNCPSll*XS + COS!PSIJ•YS 

Tw·.-
, r;l._ 

YCNl = -CCSCPSll•CJSlALl•RAD>•XS + SIN(PS!l•COS(ALI•RADJ•YS + 
* ~~NCALI•RADJ•ZS. 

N = N + 1 
5 CGNTH~Ul 

Rt..TU;~N 

lNiJ 

SUb~CUTlNE SG~PLT 

::.: H~ !:. :-; ~ 1 c r ~ I e u f. c 2 u: c > 

CALL PL8TSIIdUf,2JCOt5) 
CALL PLCTI4.0,4.Lr-3J 
CALL AXISID~~~u.c,•LISHT•,s,lO~C,~G.StC.J,l.CJ 
CALL ~XlS(O.C,G.C,,PHOTC~ETRlC PHASE~t-17t2C.CtC.G,-C.lS,C.C12Sl 
Cll.!....L ~Yt1~0l(::i .. Cv9.C9u•22r'U G.EM MODEL'tO.Gtlll 
kt. TuRr'! 
iNTRY PLOTIT(X,YtN) 
t·: = r~ + z 
UIM~NSION XIMl•Y<rl 
y ( 11 ) = 1 • [1 

Y < 1'1-1 > = ·J .. o 
X < 11 ) = 0 .. 0 1 2 5 
X<M-l.) = -0.15 
CA~L LINEcx,y,~,ltCtCl 

:~.::. TUKN 
[NTRY t.:NUPLT 
CALL PLOT<24.o,c.~,-3J 

CALL SY~~CL<C.U,L.c,C~3St•HRWOOD•,go.o,6J 
CALL PLOT!2.Q,-4.Cr933) 
kt.TURN 
t:N:J 
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2o Showing the change of eclipse as the secondary radius is inc1~eased in steps of 0.01 .. 

i = 67°, CX= 48°, r = 0.12 , 0.37 ~ R 0 ::; OoL~l 
c.;. 

0~1.0 

.I­

I,_ 

. 



0 
r-t .. 1---'-----------., 
~ 

co 
• 

0 

\0 
rl ... 
<Do 
:> 
(!) 
rl 

~ 
..c 
b) 

..-t..::j­
H .. 

0 

C\l . 
0 

U Gt: fi MB CU. 

~~15 t -o!1o • -0-!05 ' o~o • o!05 ' o·!lo __ _ 
Phase 

3. Showing the change o:f eel ipse as the rac1ius Yec toP of' the spot is increas ea. in steps o:f 0. 01 • 

i = 67°; R
2 

:: b.39 , CX = 48·0 , 0.09 .(. r .(_ 0 .. 14. 



0 
. "=",.,.,..~==~~~ o .. ,_ 

r-1 

0) ... 
0 

1..0 
r-1 ·­Q)Q 
:> 
(!) 

H 
.p 
..c 
bO 

•r-1 ...::t 
H • 

0 

C\l ... 
0 

0 

U GEM MBOU. 

~.:'!15. -O!lO i -0!05 t O!O I 0!05 
Phase 

. 0 4. Sho·wing the change of eclipse as the angle of the spot is increased in steps of 1 • 
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