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. CHAPTER ONE

Introduction

The term caﬁaclyémic #ariable comprises several types of variable
star e—- no?ae, recurrent novae, dwarf novae; and to these we add

the nova-like variables, stars which exhiblit many of the charactgr—
istics of the novae bBut which have not been observed to erupt.

U Geminorum, discoversed by Hinds in 1855, is the nomotybe bf the
dwarf novae, These stars are charactefised by 1érge, 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 photometric techniques
applied to these objects gave no informatioh 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.

Al though the outbursts occur erratically, in U Gem af intervals
from 60 to 200 days; there is a meaﬁ 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 few days, others being °‘wide' where maximum light was maintained

for up to two weeks,



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 Gém or SS Cyg type, and the Z Cam type. There 1s a tendency,
although fhere is much overlap, for the Z Cam stars to have smaller
ranges and rather more frequent outbursts.
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Figufe l. U Gem, From observations of the AAVSO,

The first move towards understanding these objects was made at
Mt. Wilson by Humason(1938) who took spectra of nova remmants,
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 absorptlon features, but showing Call and
Balmer emission. In some objects Hel and HeIi were present, also

in emission,

Photometry, permitting higher time resolution, showed unexgggted
features. In 1953 Walker observed the blue variable MacRAE +43°1

( =MV 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, 195L4a). He found similar variations in Nova Per 1901,

T CrB, @ Cyg, DQ Her and UX UMa, -

However it was the discovery that both UX UMA (Walker & Herbig,
1954 ) and DQ Her, or Nova Her 1934, (Walker, 1954b) are eclipsing
binaries of very short period that provided the clue to the inter-
prétation of these variables. Joy(195L) showed that the nova-like _
variable AE Aqf is a‘'spectroscopic binary, also of very short -
period, In 1960 Xraft made a Spectroscopic test fof 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.
(Warner;‘unpublished). In addition to these stars, EY Cyg (Kraft,
1962) and V1017 sgr KKraft, 1964a) both show composite spectrsa, ;

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

which has failed to show evidence of duplicity.

We note from Tablevl that there is no correlation betﬁeen type of
outburst and the binary period. This suggests that 1t 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 spectrpm is visible only in those systems with P> 6%hr.
Aiso, with the exceﬁtion of T CrB, 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 desling with binary systems, we look



IABLE 1.
Type v P spect(2Y), Ref.

T Cr B RN 10.5  227%6 gn3 1

GK Per N 13.0 16" 26™ K2IVp 2,3,9

Vsge  NL 12,2 12 21 ac: N

AE Aqr ML 9 53 axo - 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 aGl 10

Ss Cyg UG 11.4 6 38 aGs 7511

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 149 L 54 — 14,15,9

UX UMa NL 12.3 L L3 — 16 .

DQ Her N 14,2 L 39 — 2017018
© 8S Aur UG 1.7 L 20 _— 19

U Gem UG 1L.5 L 10 —_— 7,20,21

WW Cet ue - 13.6 3 50 — 22,9

BV Cen UG 12.9 3 47 - 23

RR Pic N 12,0 3 29 23,20

VZ Sscl NL 15.6 3 28 | 25 )

V 603 Aql N 11.5 3 19 — 2,9 '

MV Lyr ML 13.3 2: — 26

Z Cha UG 15.2 1 47 e 23

VV Pup NL 14,5 1 Lo — 27,28

EX Hya UG 13.7 1 39 — 29

Wz Sge RN 15.2 1 22 _— 2,30

AM CVn NL ©1h.2 18 — 31.32
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References to Table 1,

1.

2.

3

Lo
56

6.

7.

8.

9

- 10,

11,

12,

13,

- 1k,

15.

16,

Note:

Kraft 1958 .
Kraft 1964a
Paczynski 1965&
Herbig et al 1965

Joy 195L
' G. Chincarini, unpublished

Kraft 1962

Mumford & Krzeminski 1969
Kraft, unpublished

Kraft et él 1969

Walker & Chincarini 1968
Smgk & Stepien 1968
Walker 1963a

Walker 1963b

Mumford 1967a

Walker & Herbig 1954

17.
18.
19.
20.

21,

23.
2h.
25,
26,

27.

28,
29.
30.
31.
32,

Greesteln & Kraft 1959
Walker 1961

Kraft & Luyten 1965
Krzeminski 1965
Warner & Nather 1971
Kraft 1964b

Mumford 1971

van Houten 1966
Krzeminski 1966
Walker 1966

Herbig 1960b

Warner & Nather 1972a
Mumford 1967b
Krzeminski & Smak 1971
Smek 1967

Warner & Robinson 19?2

A dash indicates definitely no secondary spectrum present.

Otherwise not knowp,
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to the spectra to provide the identity of the components. In
those systems which show a secondary spectrum, narrow absorption .~
lines of a cool star, a G or X dwarf, are seen superimposed on the

high energy'spectrum.

In the spectrum of WZ Sge the absorption features of a DA white
dwarf aré present (Greenstein 1957); and broad shallow hydrogen
absorption is observed 1in DI Lac (Kraft 1964a) and UX UMa (Welker
& Herbig 1954). This, together with the indication that these are
intrinsically faint objects with M +5 to +10 (Kraft & Luyten 1965),
suggests that the primary component of such systems 1s a white

dwarf,

It is thé 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 the novae and the recurrent novee show the AU650
Alines of CIII -~ NIII and the forbidden nebular lines, The region
producing these lines is identified with the nova sheli, and will
not concern us further. The emission lines =~--~ the Balmer series,
Call, and sometimes Hel and Hell —-= are very wide or doubled.
Kraft (1963) found that the HeII velocity curve fof DQ Her showed
a classical rotational disturbance before and after mid-eclipse
(Fig. 2), Furthermore the radial ve;&ity chaﬁges for the emission
lines are in antiphase to those of the secondary spectrum, where

visible., See Fige 3

We conclude that the emission spectrum originates in a flattened,
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Figure 3 . Radial velocities for RU Peg. Open circles refer to the
bright lines, s0lid circles to the dark lines.

repldly 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 15C0 km sec'l."
: | )

The photometry indicates that we are to identify the strong
continuum‘with a fourth 1light source located assymmetrically in
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the plane of the orbit. In U Gem there is a conspicuous hump in
tﬁe light curve, and shortly after the maximum of this hump 1t is
cut into by a deep eclipse ( Fig. 4). '
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Figure L4 . U Gem, Vertical axis 1is intensity ( counts sec

" Time resolved spectra have shown that changes In line intensity

are insufficient to account for the hump ( e.g. S§byg, Walker & 7
Chincarini 1968), and that emission persists during eclipse.
Although the colours of cataclysmic Variableé cannot be determined
with great accuracy due to the flickefing present, changes in
cclour 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 flickering
activity is greatest at the meximum of the hump, and that it dis-
appears during eplipse. These observations indicate that the object
producing the hump is the object eclipsed. The (U-B) excess in

eclipsé.suggests that the continuum has been reduced; and that the
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residual 1light 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 essentislly flat

bottomed ).
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Figure 5 . Colour for U Gem.

It was Kraft's interpretation of DQ Her (Xraft 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 %g(al+ az) Sin ig . In other words the
secondgry £111s one lobe of the inner Lagrangian surface,. and
under sﬁch conditions wiil lose mass through the inner Lagrangian
point. This materisl will stream towards the followlng hemisphere
of the primary, and may form a ring or disc around 1t (e.g. Gould
1957). Such a ring will have & 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 theif Roche lobe, RU Peg has a secondary:ﬂ
spectrum roughly constant at G8, The MK luminosity class, however,
varies frbm IIT at conjunction with the secondary behind; to V

at elongations. A dwar?f star would 1mitate 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 thelstream of material from the secondary éncounters the ring
encircling the primary a portion of the kinetic energy Qf the
particles will be converted into radiation, This will produce a
bright spot, whose size will be determined primarily by the cross
section of the gas stream, and will generally be smell (Warner &
Peters 1972). The rapid'flickering observed is then due to thg
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 helf the orbital period (Fig. L) so the ring
must be opticélly_dense (e.g. UX UMa, Walker & Herbig 1954 ) == in
fact disc would be a better term for this structure, There is a
proﬁounced variation in the V/R ratio of thelemission lines around
the orﬁit, indicating that the disc is most luminous along_the line
of sight at phase 0.75~0.85, that is in the region of the spot.

This model of a binary system cdntaining an emission ring and a
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bright spot (Fig. 6) had been proposed for several systems such
as UX UMa (Walker & Herbig 1954), VV Pup (Herbig 1960b), DQ Her
(Kraft 1959), RW Tri (Walker 1963a), and U Gem (Krzeminski 1965 ).

Rotation )
Axis {i) View perpendiculor
lw to rotation axis

Blue White Dwarf, Red Main Scquence o i
Mass M, Component, Mass M,

Hot Spat (1i) View along rotation

oris

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 belng eclipsed.

~ The réasons for siting the spot in the ring may be summariseds:-

l. The spot cannot exténd far in longitude, or the hump would
extend for more than half the orbitel cycle. The duration of -
ingress 1is, in U Gem, observed to be about 100 secbnds..If the
( small ) spot were located on the‘3urface of the primary, ingress ;

| Would occupy only a few seconds, 4

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 anm extended and fairly

dense medium ( as indicated by the emission 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 Wifh the spot, dlsappears
during eclipse, | '

v2. It is difficult 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

ivariable, and this is simply explained as being due to changes

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

light in the disc.

A further difficulty of the model proposed by Krzeminski for U Gem
was that it required that it was the secondary which was respon-
sible for the outbursts, It is more probable, indeed certain, that
if is the primary which outbursts because it is currently thought
that the outbursts of cataclysmic variables are due to non-radial
pulsafions of_the wh;te dwarfs, These pulsations are excited by '
the thermél runaway caused when the hydrogen-rich material accreted
on the surface of the white dﬁarf is 1gnited (Warner 1972a). The
observational evidence is as follows:-
1. Spectra of U Gem takén just before maximum show the character-
istics of a B subdwarf. (Elvey & Babcock 1943, Krzeminski 1965)
2. The 71 sec oscillations observed in DQ Her, attributed to the
non-radial puisations of the white dwarf, are not present
during primary minimum, (Welker 1961, Warner & Nather 1969)
3, In % Cha the eclipses are total af minimum light., During out-
burts, however, they become only partiasl eclipses, and as the

star returns to normal light the flat-bottomed eclipse

reappears, (Warner, unpublished)

—

- r—— -
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CHAPTER TWO

The Observations of U Gem

Spectroscopic Cbservations at Minimum Light

Elvey & Babcock (1943) obtained two low dispersion plates of U Gem.
Thgir.obserVations were extended by a series of plates teken by

Kraft (1962) at a somewhat higher dispersion (~180 R mm ™),

No absorption spectrum is visible. The emission lines of hydrogen
and Call are strong and clearly doubled. There are weak emission
lines of HeIl (9\'1;686), HeI (AA LL71,4026) and FeII (A L58L, 4522,
1508, u303; 4233, 4173)s The V/R ratio of the stroﬁg lines 1s

reversed at opposite'elongations.

Kraft published radial velocity measures for the emission lines,
(Kraft 1962) and the radisl velocity curve is shown in figure 7 .
The fitted curve is for the elements:

0317690591 |
= 2651km sec

+42 km sec™+

n

-
1 %

Spectroscopic conjunction is at photometric

P
1

]

K 6.L6 x 101Q cm

phase 0.04 .

300—' /”:“\
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Figure 7 . The radial velocity curve Tor U Gem,
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Microdensitometer tracings of Kréft's spectra, reduced to intensity,
were measured in order to determine the line separations and
fotal line widths, The relevant sections of these tracings are
reproduced in the Appendix. The scale of the tracings, determined
from & calibration plate ofJﬂ Ari, wes found to be
1 mm = 2,04 £ 0.02 £

Measures of the peak-to-peak line separation are presented in
Table 2 . We note that, within the experimentsl error, all linés
show the same separation between the components. The average for
all lines gives

| 2v Sin 1= 990 4 10 km sec™
However if we plot the mean 1line 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 ,
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TABLE 2,

Line Sevarations (km sec"l),
K liean liean
Plate Phase Eg Hy Hg He K Hg Hy Hpoto Hs Heto H, llean
12772 |0.153 932 | 917 970 — 808 U5 ~—~ | -9kO 877 91L -
b |0.279 920 917 oLO 8oL 933 930 958 926 929 927
c ]0.4L0O 880 815 — 725 685 —_— 800 - 863 737 787
1%23%a | 0.795 —— 973 - 1018 1058 — _— 973 | 1038 1016
b |0.322 | 969 | 902 | 1000 | 925 | 934 | == | —== | 957 | 930 9L6
¢ 10.4L35 831 _— 955 RN — 976 ——— 893 976 921
1324ha | 0.587 1007 987 1030 956 934 1102 — 1008 997 1C03
b |0.722° _— 987 1150 1079 —— 1102 —= | 1076 1091 | . 1C83
c |0.84LL — ——— 865 ——— 887 oLl 926 865 919 906
1325a (0.987 | 919 1043 1015 86l o34 ——- - 992 899 955
v 0.115 856 | 1015 | 1015 860 931, — 1006 962 935 oL8
c |0.234L 1058 987 1089 Q87 1136 — _— 1045 | 1062 1051
1%26a |0.594 1133 1610 1089 1049 965 1133 11733 1077 1070 1073
o |0.71h 1259 1128 1134 1203 1075 1196 1197 1174 1168 1170
c |0.831 —- 987 895 — 955 976 ——— ol | 971 956
1327a - 10.C08 1007 987 985 - 965 —— — 993 965 985
b 10,126 907 1015 Lo 1049 1120 —— ——— 954 1085 1006
¢ (0.233 969 959 985 | 1079 | 1136 — e 971 | 1108 | 1026
ileans: ;iites 975 } 979 1604 976 967 1034 1003 9856 988 987

- 9'[-.
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At these positions, near the eloﬁgations of the spot, the
contribution of the spot will greatly enhance one of the disc
cbmponents, 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 1ine separation to be

V4 Sin i = 1480 % 10 km sec™t

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 1eve1
of the two iine.ﬁeaks; the Width was then measured to the nearest

millimeter.‘

TARLE 3
Total Line-widths at Half-height

wWidth | Number of measures for: ’ ';
(mm ) He = Hy Hg He K B Hy
8 : 1w
RN o 1% 1.a 1
10 ' 2% o e e 1 B
11 o 6 wex 8 3 -
12 : 3 6 1 2 1
13 ' Lise 3
1y : “ 10 )
15 . 2% 5 1
16 10™* o | |
17 .'
18 2
émv/v)éggn 1020 | 1036 | 1007 8oL 817 858 782 ;

Asterisks refer to measures from Plate 1277

L4

We note that the apparent line width decreases as we move to shorter
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wavelengths, This effect 1s.probably due to uncertainty in the

true continuum level as the Balmer jump is approached --—— causing
the widths to be measured tob:'high‘ on the profiles., We nﬁte that
the measures for plate 1277 are not very different to those for

tne other plates. In what follgws we shall take thé mean line width
to refer to the lines Hﬁ to Hg only. Furthermore, at th;s dispersion,
there is apparently no correlation between the total line width and
the binary phase. We find: |

v' Sin 1 = 1020 % 10 km sec™t

We can correct this measure for the instrumental broadening in a
rather crude manner. The half width of each line will be approx-

1. We have no measure of the instrumental

imately (1020 - 480 ) km sec™
width, but estimate it by rule-of-thumb, i.e. that the line width
in km sec™  is equal to the dispersion in & mm™l, The correction
to be applied.is thus; v Sin 1 = (5&02- 902)%A+ 480 km sec™t

| = 1012 km sec >
The correction is small, and,ﬁe will not be too far out due to
our crude model. Further broadening due to the exposure time will

be discussed in Chapter 4 .

Here we encounter a problem of inter:pretation -—— gre we to adopt
the line separations, or the line widths, as a measure of ‘the rotat-
ijonal velocity of the disc? 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:

rlzis the inner radius of the ring in terms of 1ts outer fadius
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Case 1 ; denslty distribution within the ring is uniform
Case 2 ; density decreases linearly with radius
and the dotted lihe representsfthe true mean velocity of rotation
given by: ' | ,
v = ég;ﬂlg : | ...,.............;........ (1)

Where'Ml is the mass of the primary, and r the radius of the ring,

CasE 1

——y

0.6 —

Q02—

10 p—

06 r—

R

| 02k

1.0 p—

06 —

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 Mln10,7 M@ and
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r =0.12 x 10 em ; We obtain v * 900 Sin 1 km sec-l, which is

in good agreement with our observations.

Smak (1970) has discussed the effects of the biending of the emlssion

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

A2

Bl

general lead to an underestimate of the radial velocity amplitude.
In the case of U Gem this analysis wouid appear to be unreliaeble,

and will be discussed further in Chapter L . Spurlous eccentric-

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

as we shall assume that e=0 (Kruszewski 1966) and determine the

moment of true conjunction from the photometric model.

Spectroscoplc Observations at Maximum

Spectra of U Gem during outburst have been obtained by Joy (1940),
Elvey & Babcock (1943), and Krzeminski (1965) . At maximum the
spectrum is.contihﬁoué; with very faint HeII (A 4686) and Hp in
emission. However on the rise to maximum there are very wide,
shallow hydrOgen absorption features, reminiscent of a whilite dwarf;

with faint absorption of Hel at D\ALL7L and L4026 .

Photometric gg§agvapiqnq_at Minimum Light

In 1961 Krzeminski discovered that U Gem is an ecliﬁsing binary
(Xrzeminski 1965), and all further published eclipse photometry
has been collected in Table L . ( Paczynski 1965, Mumford 196L,
Mumford 1970, Warnef & Nather 1971)., In addition there are eleven
eclipses obgerved by Warner at M°Donald Observatory, and one

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

African Astronomical Observatory at Sutherland;vusing 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)
velues refer to the elements:

Min = 2437638,8270h4 + 0,17690591 x N
The depth of eclipse is expressed'in magnijudes, the width and the

duration of egress in terms of the orbital period.

The light curve varies from one cycle to another, Eut several basic
features are well repeated. ( See Fig. 4 ) There 1ls a large hump
which appears at phase ( 0,605 + 0.005)P and lasts for half the
period. Maximum of this hump occurs at 0,85P, and it is symmetricsl
about the maximum, There is a deep flat-bottomed eclipse centred'
on phase 0.0P ( by definition ), The eclipse width at half depth

is 0.,056P, and egress lasts about 0.006P . The shape of ingress

is somewhat variable, but the duration of ingress is about 0.,012P .

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 summary

given by Smek (1971 ).

(@) Initial rise, at T ==—2; examples: JD 2:437732'76 (Krzeminski
1963), JD 243800184 and 002°02 (Mumford 1964). While the shape of
cclipse begins already lo change, its central phase romains close (o
==, and the setond and the {hird contacts arec still quite well de~
fincd. The colours of the body eclipsed are not much different {rom
those observed before the outburst (see Figs.6 and 7 of Paczynski
(1963)). _ .

(b) TFinal rise, at T==-—1 and 0; examples: JD 2438002°90, 003°07,

003778, and 003706 (Krzeminski 19635, Fig. 5). The central phase of cclipse
shifts to about @=0985P ol T == 0 (Krzeminski 1963, Fig. 9). No sccond
and third contacls can be distinguished a$ the cclipse becomes progres-
sively shallower. The colours at the bottom of eclipse (JD 243800396,
T 2= 0) Lecome dilferent. :



SR I Pt tted

m >

R

BN A O e

PR PR Y

s’

P e

P RPN

~

Ay

PANIIY

B

2(\ ('}
215
299

327

491

o2
531
531
531
621
672
745
n]e
Lo a
1691
o691
1691
16%1
1725
1775
1725
1aa3a
1y34a
1538
273N

20648

2059 .

20463
2064
20484
20164
2001
2681
2081
2rgh
2P A
Z0iE 4
2087
208

2087

249}

pes

NN U N N e

NN N

P i NV

N

NN

™A SN Y

&N

NN N

N—- I 2000 5 DS <o

NN - - NN N

hV)

TABLE L.

22 -

e MU SERVED
24374637 .9000
2437438 .4269
2423763900138
2437439.A3683
24376786000
2437676403617
2437691 .722)
24374696 5754
2HRAT7 7256578
2URTT25.04649

2437732.7640)

2437732.7641
2437732,7464%)
2437748,6158
2427747 ,7084
2437777 46979
2437783,7129
2137930, 0140
2437737 ,9750
2937937 .9749
24379379751
2437937.9758
2437943,9497
2437943,9298
2H37943.9092
243749 L3,PT794
24279463,9300
242794349794
24379297.9000
2437997 ,9500
24379297 .9000
Z438001.,.6000
2438001 .8000
2438001 .8300
2438002 .0000
2438002 .,.0000

2A438002.00000

2438002.8979
2438003.0742
2433110347812
242381703,9580
24380113.9574
2438003.72591

2438006.72489

2H38N0016.9680

2438006, 946380

24330307 8525
24300017 ,48514
2438nNn7.3%20
2H380NR D298
2438008,030]
Z24AR008 ,0289
2438an8,753831
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, 0008 5 12 778
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010N
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, TABLE L (continued)
Aub Il ot YCLIRSE pHTOMETRY FoR y GFMIHDRNN

N SFERVED (0=-C) " pAaYy 0zB8 GEPTH SIDTH FGRESS

v 0L t T

v ERRL Y 2 JEELB LYY L0t 5 - .09 L0941

v 292 I 2439503.9150 O 5 .07 972

N {2192 G 243R00BR,L, Y000 5 .05

r Vo214 2 2U38017 7595 , 0N 14 .70 L0513

K Vo203 2 2H3ARN26,0124 - N6z 21 L 71 L0735 .01ao0

X Yo 2704 1 24383208 .7280 L OUN3 25 b7 0695

b no2204 1 243H02R.7280 L0N03 25 .76 , 0695

K 12204 . 1 2n38028,7277 ,nonn 25 L2 LN712

« V2214 2 2438030.36506 L0001 27 LR3 WA95 10

K 2217 2 2438n31,0127% - L. 0n0g 27 LTE L6014 SO

P Vo300 2 215 . 7103 -.0nN03 42 .77 0667

Py 2363 2 24780546, 3468 L0neG 53 0 .0671

P 2363 2 24IRNGALBERE =, 0NN 53 .90 ,05a8

e Yo 2367 2 2438115A8554 -, 0003 52 b1 L0616

P ¥y 2364 2 2433n%7.0323 -,00N3 53 ARG L0639

P Vo 724464 2 24381174.723] -, 0001 71 .73 , 1554

P V2538 2 PUIEHATLOIH] LOoent 84 .on L0464

{ P2%38% 2 2HIRNNRT LRL30 -, 0004 £y L84 .NH20

P U 2538 2 243800878139 -.0003 By W7t L0509

& v o 2707 2 2032117.7118 LOoNs 12 .23 Slunl

P w2707 2 2438117.7116 L0083 12 .22 Ll0gé

P yoo2707 2 24381177116 L00n3 12 W13 L1074

it N 3997 2 2438345 ,919R -.N0N2 239

M 4389 2 2432409.7601 L0002 49

] G XbY 2 2URRY L. AGH] -,0001 5n

i L4370 2 PEABNL L LINHY L auun 51

P w77 2 28230430, 6348 L0uno 70 50 L0548

A U 3 2 24938493,6067 L0003 27

b v GEn0 2 2435496 6440 LO0L2 30

I ¢ Bu57 2. 2438474 ,946%8 LONca 204
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i 1 7LR9 2 2040679.6662 © . .N03% 23 © .56 L0749 L0094

e 17195 2 2440680 .7279 . ,0037 24 b4 L0746 L0NY7
COLKEED 2 24409768481 . 0N33 1723 .51 0543 L0054

. mop0n59 1 2441275.8400 . 35 CUA oWnrte

. YoaN593 2 2441281 .0543 L0039 40 .53 .0735 0102

o o 2U67R 2 2441296403915 L0041 564 . e52 - 0667 WO06A

W B S U Vs Z2h41297.7760 oL, an4n 57 PRLON 0478 L0NA60

i yo21014 2 244 {356.6062 Loukse o 116 44 L0543 L0082

y « 210145, 2 2413640 JH161 L0D42 121 .40 L0540 - L0086

i 21067 2 2441365.7063 L0048 125 40 W N543 «0NRO

oo 21084 2 294136847153 LOn41° 128 4l 0537 +U04 1

: o22n2h 2 246417645322 L0047 . .59 LN599 - L0065



(¢) Maximum, roughly from T=:0 to T==3 or longer, when the
celipses (if any) are practically undetectable amonyg the fluctuations
(zee Fig. 6 of Krzeminski (1963)).

() Decline, roughly from T ==3 or later; examples: JD 2438006°97 —-
- 00891 (Krzemingki 1965) with T==3 — 3, and oither observaiinns at
lavrger 17s. As the cclipse reappears, ifs central phase is again at == 0.
And once the minimum becomes deep cnough, so that its shape <\':\nx'bc
discussed, the second and the third contacts become visible again, The
colours of the cclipsed body are practically identical with those be-
tween the outi:ursts although the colours at the bottom of cclipse are.

Cinitially similar to those reached at maximum (sce Figs.. 6 and 7
‘of Paczynski (1965)). R

Cl The Photometric behaviour between outbursts

In figures 10, 11, 12 the eclipse parameters are plotted agalnst

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

changes in the eclipse are fairly well defined. An important

'obsePVation is that the brightness of the spot =--- interpreted

as the relative brightness of the shoulder —— 1is practically

constant throughout the outburst cycle ( cf. Table 4 of Smak (1971)).
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Ve may elso examine the phase of the eclipse as a function of the
time from outburst. Smak (1972) has examined this (0-C) versus T
relationship in order to reduce the.scatter in the (0-C) versus W
relationship. Smék found

| (0-C) = 3 x 1078 -7 X 10“6x T
If we invert the process, removing the trend in Figure 13 by fitting
a cur?e to it, and then examine the (0-C) versus T relationship
( Fig.‘lu ) we obtain |

6XT ooaoo-...o_(2>

(0-C) = 1.7 = 10‘“ - L4 x 107
in the range 2<T<100 , where only observations of weight /2/

have been iIncluded.

[}
" xot
3 "
. Ak
© R i
T .
D .
e
o .
~ .
& .-
. .
Lo +
Ol ik,
R
B
o v
(:3 L) T T
! ~ R
0.3 10,00 30.00 120.00  16C.00. 200.0C  2460.00  230.0C  320.00

o . CYCLE xtC®
Fipure 13. Residuals calculated fromrKrzeminski'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 1CO0 day period this shift amounts

to about 0.0025P ,
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C2 The Spectroscopic behaviocur between outbursts

Unfortunately all but one (No. 1277 ) of Kraft's plates that were
available for study were taken at the same epoéh, 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 l':m'sec“"1 smaller than that on the othef 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 necessarily imply a change in the size of the disc, as
measured from the line width (XKrzeminski & 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 1arge change in the rotatidnéllvelocity cf the disc found by
Paczynski (1965) was due to the oversight of the variation in the

line separation around the orbital ecycle.
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CEAPTFR THRERE

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
direcfly are i) the position of the hump relative to the eclipse,
| and ii) the width Qf the éclipSe. We shall use some basic equations
felatiﬁglfhese observables to the geomé%ric parsmeters of the | 1
system, based on the simple geometric model developed by Smek (1971).
We shall assume that:
i)lthe hot spot is a point source located in the orbital plane
i1) the secondary is spherical, its radius being the average of
the three principal radii of the Roche surface, R,

iii) the orbit is circular.

We define two systems of coordinates ( Fig. 16 )i
_ 1) Oxysz ;'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,x) . The xy plane is the orbital
Plane.. : —
ii) OXYZ . The frame of the'observer. Thé 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 \/ " Cos Y 0
-Cos‘-/’Cos i Sin¢Cos i Sin i
Cos¥sin 1 -SinY¥ sin i Cos i

i

X
Y
Z
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We define two systems of phase ~-~ the true phase from conjunction,
#/; and the photometric phase, or phase from mid-~-eclipse, ¢>. We

see from figure 16 that if Y4 is the phase at mid-eclipse:

. _I Sinx
Tankpo'- < eses00c0s0c0r e (3)
- 1-r Cos«t '
and we haVe that ¢=q)-% ¢S 0000080 cd00000e (Ll-)

Figure 16 ., The coordinate systems.

Smek (op. cit.) has derived the following equation for the half | *
width of eclipse, OV

" 2%
Cos AS[J = I R22 E l ?_Di Coosrxg § Cosec 1 .. (5)

We note that if the spot is exteﬁded, provided that the eclipse {
- 1s totel 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 with the radius of the -
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.secondary: R2

(a;+ ay)
where q = M2/M1 and
= 1
(51+ 32) "21 +q§
The maximum of the hump will occur at : 7

P =) | eeensosennes (8)

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

it

0.38 + 0.20 1og10(q) vesesssss (6)

aISin i

] K s0c00cs00 e (7)
Sin i

observables ¢hax and AV, with the parameters (q,Rz,r,d,i) .

This was done using program Eclpar ( see Appendix ) in the ranges
0.06<r£0.19 ; U244 56° 5 0.344R,£0.L2 ; 63°4 1470° ; where
"~ the angles were incremented a degree at a time, and the distances

( in units of (a1+ a2) ) by 0,01 at a time,

In order to single out the physically plausible solutions we make
use of the particle trajectory calculations of 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 aso@; AM)T as r? or mi; and
l¢%ax|? as rT or aT. Table 5 lists the possible models for

P ox™ ~0-15P and 24y = 0.056P .

' We see that the problem is effectively reduced to that of deter-
mining the mass ratio of the system. From Table 1 of Warner &
Peters (op. cit.) we find that 1.04q< 4.0 from the position of

the spot. e Shall'see that the most important arguments concerning
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TABIE B,

U Cewm i'odels

Inclination  Radius / Mass Ratio Spot Position
i R2 q o< T
6L,° 0.3 1.8 48° 0.1z
65° IR 1.6 48°  0.11
66° O.L1 1.h | 18°  0.10
67° 0.39. 1.1 L8°  0.12
68° 0.38 1.0 8% o.11
69° 0.36 0.8 49° 0.1l
70° 0.35 0.7 19°  0.13

the mass ratio reiété>fo the photometry following an eruption.
However at this point we may attempt to determine the mass ratio

on theoretical grounds. Warner (1973) has derived an expresSsion
bétween the mass ratio, @, and the ratio Kl/v Sin i ., We emphasise
thaf this relationship assumes only that the secondaries have
captured rotation and that aftér leaving the inner Lagrangian point
the particle conserves its éngular momentum about the primary,
about which it takes up a circular orbit, This reletion is Well
defined observationally ( Fig. 1 of Warner 1973)., Other relation—’
ships which could be used to determine the mass ratic —-- for
éxample the period / mass ratio relation —-- embody several addit-
ional assumbtions; and in the case of U Gem:Awhere these methods
differ; we prefer to use the former. This rather uncertain approach

will be discussed further in the next chapter.

From figure 1 of Warner (op. cit.), for Kl/v Sin 1 = 0,26 , we

find g~1.1
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Table 6 shows the table in the region of the selected model.

TABLE 6.
Width of eclipse (V1) and phase of the hump maximum (H) for

the model : i = 67° and R, = 0,39

v Angle of Spot. : ’
n6° n7° I 19° 50°
| 0.051 0.051 0.050 0.050 0.0L9
.
0-101 0. 110 ~0.1L3 ~0.146 ~0.149 ~0.152
0.051 0.05l  0.053 0.052 0.052
0114 .11 ~0. 1Ll ~0.147 ~0.150 ~0.153
0.057 0.056 0.055 0.055 - 0.054 v
0el2l 0,143 - -0.1L6 —0.149 ~0.152 10,155
0.059 0.059 0.058 0.057 0.056
0131 .14 ~0.147 ~0.150 ~0.153 ~0.156
0.062 1 0.061 0.060  0.060 0.059
0.1 ~0.155 -0.158

10,145 -0.148 ~0,152

W
H
v
I



CHAPTER FOUR

Discussion and Anselysis of the Light Curve

By examination of the gfoss features of the light curve we have
determined the basic geometrical parameters of our model for the

U Gem systems i =67 R,= 0.39
| x = 18° r = 0,12

O

PO

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

the consistency of this fentative'solution.

Due to the presence of extensive and variable nebulosity in the
-systém ( e.8., W2 Sge, Krzeminski & Smak 1971) it is not possible;f’“
and indeed it would not be plausible, to construct a detailed
phdtometric model. to include such effgcts 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 1light curves for these variables, and is presented in Appendix 3..

The Size of the Séot o We can infer something of the bhysical sizé
of the spot from the duration of egress, which we take to be
0.006P ( from Fig, 11 ).‘By calculating the moments of contact we
find that the spot extends agbout 10° in longitude3 which implies,
using equation (7), a physical size of 2.7 x 107 em ( diameter ) ..

Several other arguments have been used to estimate the size of the
spot. Warner & Nather (1971), by consideration of the flickering
timescéles, find that fhe 1argest ‘elements! in the gas stfeam
are of the order of 2.5 x 1O9vcm in size, and this we identify

with the size of the spot..
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Warner & Nather (op. cit.) also suggest that the spot cannbt extend

‘more than 5°-in longitude because the'hump extends over £ 0,515P .

However we have slready shown that the ring must be optically
thick, as has been done for UX Uﬁa (walker & Herbig 1954), VV Pup
(Warner & Nather 1972a), RW Tri (Walker 1963a); and it is probable
that the spot 1s not on the odter surface of the ring, but located
some disténce within the ring ( e.g. W2 Sge, Krzeminski & Smak
1971). Hence this argument will provide only a lower 1limit for

the dimension of the spot. We hote that the trajectory calculations
of Warner & Peters(i972) suggest that the spot extends only 5o .

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 (Werner & Nather 1971, 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. ‘
1) The light from the primary, masked by bptically thick
nebulosity. |
i1) The 1ightvfrom the secondary.
111) The 1ight from the hot spot.
iv) The emission from the disec.
Since we see no trace of the‘secondary spectrum, ii) is presumably
smail, 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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g0 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
séale variations, Since we associate the hump with the spot, as a
first approximation we assume iv) to bevphase independént as well,
This is a reasonably good approximation as it would appear that
integfated light from the emission of the disé is very much less

_than the contribution of the spot in the continuum,

The amplitude‘of the filickering 18 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 é meésure 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 wﬁitten to perform such an analysis on the two runs 1098 and

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

The progfam takes 60 data_pdints at a time ( which is equivalent

to 120 seconds, or abdut fo&r times the timescale of the flicker-~

ing ) and calculates the mean level and the RMS of the flickering j
of that section, The proéess is repeated at increments of 30 data
points, so that the sections are overlapped. If the contributions
¢f the disc, primary and secondary are indeed constant, we expect
the quanfity (amp ~ bkg)/rms to be constant;'where amp = mean level

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

RMS vélue of the flickering. _ ' Al

The'analysis was repeated several times using different values of

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

( See Figs. 17, 18 )
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There is a ﬁnique solution to this anélysis, glbeit rather pooriy
defined. We see that with a background level of approximately
500000 counts %gﬁfl the discriminating function is nearly flat.
Thus the spot coﬁtributes about 600000 counts ﬁﬁfﬁl’ or just over
half the total light from the system. The background level is,
within the error of its determination, the same as the level at
mid-eélipée. Thus the spot is totélly eclipsed --- a conclusion
we had reéched by observing that the flickering disappears in
eclipse. Furthermore»the (U-B) éxcess 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, ébégests 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 femains coﬁstant; but remains at phase
0.0 . The gaseous eunvelope surrounding the primary is expanding,

and is now highly luminous. During the final rise an eclipse appears
at phase 0,985'which we interpret g8 a partial eclipse of the bright
envelope encircling the primary. Our model predicts the'phase of
this eclipse, -, to be 0.9846 . We note that this interpretation
predicts that during the early decline from maximum eclipses would
agaiﬁ'bé visible first at phase 0,985 . However the eclipse is

very shallow, and the systemvvery active, so it could easily be
miSéed or obscured by the extensive luminous gas present following

an eruption. This agrees closely with the orbital inclination

. -

———— wm -
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derived by consideration of the eclipse width and the mass ratio;
since we find that Sin( 90 - 1) = 0.391 , and the primary is only

~Just not eélipsed.

The outburét of a dwarf nova occupies typically two to three weéks
before the system has returﬁed to normal light. Paczynski (1965)
noted thét 12 days from maximum U Gem'was still lm.5 above minimum,
whereas in the peﬁiod 25 to 85 days from outburst the brightness

of the system remained constant. We see in Figs. 10 to 12 that
there is a fairly abrupt change in the behaviour of the parameters
of the eclipse in the region of 20 days from outburst. We suggest
-that, during the first 20 days from outhurst, some of the enlarged,
bright centrul 'nucleus' surfounding the prlmary is eclipsed. 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 the 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 and 100 days

from outburst the width of the eclipse decreases from 0.08 to O°O6P,and

the duration of egress from 0.0l to 0.006P; accompanied by a phase

shift of roughly 0.002P , -

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

spot position alone. During an'eruption the only change experienced
| by the secondary would be a heating of the surface facing the white
dwarf --- and we expect the particle trajectory to be unchanged és
it is only weakly dependent on thg velocity of ejection, An increase
in.the radius«vectbr of the épot thus results in a decrease in

the~éngle-of tne spot, which is what we require to reconcilgwg

mm e e et e v e e e -
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small phase shift with a large change in the eclipse width, If
r is increased to 0.16 , we find d~58°, and this leads to the
correct changes in phase and width; and together with a contraction

of the spot, will explain the changes of egress,

We favour an elternative interpretation where the trends apparent

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

the disec, Firstly the radial velocity data shows that between 12

and 85 dayé from outburst the rdtational vélocity of the aiSZ”
decfeased by 10% at most, and since v2r = constant we £ind a change
in r of not more than 20% . Furthermore if our Interpretation of

" the photometric behaviour in the first 20 days is correct, we

expect the spot vector to have 'stabilised' in 20 days or so, and
pfédict that there is ﬁo change in the radial velocities in the -

period following 25 days from outburst,

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

appears to.be an 'overshootf of the eclipse. Similar features are
sometimes present in the eclipses of VV Pup (Warner & Nather 1972a),
énother catac1ysmic with a high orbital inclination. We suggest

that this is due to the eclipSe énd reappearance of a portion of
‘the bright, central nucleus of the disc. The ec;ipse on the night
following, run 1100, shows an interesting 'standstill' during
ingress. A hint of this stendstill is appareﬁt in all the other
runs, and it occurs at the point where the slope of ingress-changes.
We suggest_that the'core' of the spot is eciipsed first, and that
where -the slope of ingress changes the bright regioh downstream
from'the spot is eclipsed. Some weight i added to this argument

by noting that the ratlo of the intensities of the first portion
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of ingress to that of the linear portion of egress is roughly
constant, and equal to the ratio of the projection factors at

the two phases, 1 : 1,25 .

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

body ihcreasesvwith time, whereas the opposite is true of the bright-
ness in,eélipse. We therefore suggest the following explanation..'
Following an eruption the'disc is relatively dense and bright, and-
the spot is diffuse and extended due to scattéring of the energy

from its centre. Between the outbursts the density of the disc
decreases as the material falls to the surface of the white dwarf,
'and the spot shrinks(and becomes more compact. We are dealing with

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

the spot, plus a partial eclipse of the disc.

Smak's Anglysis . We have used the slmple model advanced by 8mak

(1971). The soluﬁion found by Smek is untenable due to the siting N
of the spot at o ~10°, Smak's approach %o the problem ~-- to set'/
up a system of equations and to solve them simultaneously using

data from two epochs, interpreted as twd gpot positions -—--- would
appear to be unreliable, although it has the great advantage of

being essentially independent.

Qur Qualiétive interfretation of the light curve agrees essentialiy
with Smak's completely independent approach. He finds that the

A disc immediately adjacent to the spot is brighter than elsewhere,
and that the inferred brightness of the spot will include this
bright region of fhe disc. This brightened region about the spot

we identify ﬁith the second portidn 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 eélipsed
increased with time from outburst, and that it could be a3 mich

as LO% . He concludes that the radius vector of the spot is less
than the radius of the disc, which is extended in the 2z coordinate.
The brightness distribution of the disc 1s not uniform, ( Sect, 4.2
of Smak op.cit. ). In the course of our discussion we have assembled

the same picture of the eclipse of the disc.



CHAPTER FIVE

Physical Properties and Conclusion

Up to this point we have used no aﬁblute dimension. It is in the
determination of this ‘scale factor' that the difficulties and

the curicsity of U Gem become.apparent° The one datum which separates
U Gem from the other cataclysmic variables is its exceptionally
large K, of 265 km sec"l, This would imply élther a very high mass
raetio for the system; or that the total mass is rather smaller

Y
than that of the other cataclgmics,

There 1s no evidence, theoretical‘pr observational, to suggest

that 16be—f1111ng gecondarles will depart from fhe mass / radius

for normal main sequence stars.‘The mass / radius relationship we
shall be using is that computed by Bodenheimer ( Faulkner et al 1971),

taken from Warnerh(wi973)°

With q known we can determine M, direcily from Kepler's third law.

end K, . We obtain M,

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

= 1.6 My , and from equation (6)'R2 = 0.78 Ry

disc we know that the composition of the secondary cannot_be too
‘unusual =-- in particular it 1s not a helium sty - and so cannot

fall below the mass /. radius relationship for the main geguence,

This situation casts doubt on the aSSumed‘Value of ¢ we have been
using ~-- but in the range 0.7 < qa £ 4.0 there is no value of g
for which M, ( from Kepler ) and R, ( from Roche geomgtry-) are
compétible with the mass / radius ralation. We know that the period

18 correct, and this would suggest that the published value of K,

. e e a e
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is misleading. Smak(1971 Sect 5.2) reached the same conclusion.

The published radial velocities of‘U Gem are the averagelof the
measures for the two component lines (Kraft 1962). If the phase
dependence ofvthe motions of the two components are different due

to the additional spot component, the radial velocities taken from
the aﬁerages will be erroneous. We see ( Fig. 8 ) that this is

indeed the case, At phases 6.6 to 0.8 , when the spot plus the

bright region downstream of the spot is approaching, v Sin i is
lincreased by about 160 km sec™t relative to that at phase 0.5 .

At phases 0.1 to 0,3 , when the spot is receding, there is a some-

| what smaller disturbance of 100 km sec™, These'disturbahces at

the peaks of the radial veiocity curve are sufficient to increase

the true radial velocity from 200 km sec™! to the observed value

of 265 km sec™T. 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 ié'a symmetric function of ¢. Furthermore the line intensity
'from the spot 1is presumably 1arge, and it is quéstionable,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 rétio --~ derived
from the measured Kl/ v Sin i ——— highly queétionable. Whereas we
have snown that the value of Kl 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 1 ., In all other cataciysmic variables ,~ -
it is teken to be half the total width of the line ( single or

doubled ) measured from the plates., If the same procedure is followed
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in each case, the goodcorreclatiorpetween Kl/ v 8in 1 ( observed )
and mass(ratio found by Warner (1972) is due to a number of

compensating factors present in most or all cataclysmic varisbles,

Hoﬁber this rather dublous situation may be redeemed by noting the
constraints placed on the mass ratio by the photometry. Firstly,
from Tablé 5, if 9 < 1.1 the primary will be eclipsed at minimum
light, and this is not the case., Secondly, XKepler's third law,
together with the Roéhe geometry and the mass / radius relationship
for the secondary, will define a simple (K1 s O Mz)'surface for

1

a_giveﬂ system, For true K, = 200 km sec — we obtain g = 1.1 and

; = ‘ ,/J
M, 0,68 Mg o

Thus we have that M, = 0.62 Mg - We can make an independent estimate
of My from equation (1) . Our meamsurement of v Sin i was 1000 km sec'l,
but during the exposure of 30 minutes the line profile will have

méved on average 100 km sec'l, and fhe true v 8Sin 1 is 9S00 km sec'l.

With v = 1.2 x 10'0 om we £ind My = 0.62 ¥y .

The value we obtain for Ml is roughly half that found for the

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

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

siiip found for other cataclysmic varigbles, It is easy to_show

that this relation requires that the primary.mass is constant for

the group (Warner 1973 ).

The period / luminosity relationship of Kraft(196La) gives Mv(2y) of
about (9.0 * 1.5) ., We note in passing that this relationship

ekplains why the seééndary spectrum is visible only in those
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systems with P 3» 6% hours ( See Table 1 ). With M, = 0.68 My we

2
find that the secondary is of spectral type K2 or X3 , and that

va*B ¢ Which agrees satisfactorily with our first estimate.

We'know that the secondary does not contribute more than about 25% -
of the light of the system ( or we would detect its spectrum ) '
and adopting Mv(2y)'~'8.5 we find thet the absolute magnitude of

U Gem 1s 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 Kl.'However one result

is cléar, and that is that the primary mass in U Gem 1s consider-
ably less than the value found by Warner(1973) for the primaries

of all other cataclysmic variables for which a mass could be
derived, Warher found that, with the exception of U Gem, the masses
of the primaries were in the range (1.2 + O.2)M® , which we note

is just shoft of the Chandrasekhar 1imit, whereas the mass of a

typical field white dwarf is of the order of O.L M. .

The‘low mass found for the primary may be of considerable evolution-
ary significance, for it gives credence to the suggestlon that the
primarles start out as ordinary white dwarfs, and retain all the
accreted material until they approach the Chqndrasekhar limit, at‘
which point the outbursts become sufficiently energetic to‘cause

mass 1loss from the system.
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Conclusion

We have found that”the_following set of parameters provides g

consistent solution for U Cem :
0

i =67 r =0.,12

q =1,1 o = LLSO
(v + a,) = 10 em ' M, = 0.68 M
87 %2 “r 2 +°° g

While the primary is presumed to be a white dwarf, the secondary
is & main sequence dwarf of spectral class ~X2 (Allen 1955). It

is the primary component that is responsible for the eruptions.

Furthef work on U Gem must await both theoretical and observationsl
advences:
1) ObserVations_at minimum light are required over a Widervrange
of wavelength -—~ Darticularly the ultraviolset —=—- in order
to evaluate the total flux of the system.
ii) 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 outﬁurst
is urgently required. It is essentisl to messure the velocities
of the line components separately in order to evgluate Kl ’
- and hence q , more accurately.
iv) We require theoretical work on. the structure of the dise to
interpret our observations of the disc —-- in particular
v Sin 1 =-=- more resglistically. Several aythors ( €.ge 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 1ittle to be gained by

repeating these analyses at this stage.
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APPENDIX 1

Photometric Data

This section contains repboduetions of the eclipse photometry.

The vertical eaxis is ihtensity ( 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™t

, and
Runs 1231 & 1245 were made under poor conditions of transparency.
The horizontal axis is the heliocentric Julian date in the sense

Time = JD, - 2440 000,
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APPENDIX 3

- _Computer Programs,

The following three programs, written 1n Fortran V, were executed

on thé UNIVAC 1106 at the University of Cape Town,

" 1. Program ECLPAR

Cxxx THLS PROGRAM CALCULATES THE PARAMEZTEIRS CF THE ECLIPSE OF THE HOT <507

IMFLLCLT DOUsLE: FRECISLION(D)
UDIMENSLON W{15).P{15),H(15)
DATA PL/S«1K1592EE3¢6/

100 EFORMAT('L'e"Y PARAMETZRS FOR THE E£CLIPSE OF THE HOT SPOT WITH 3 ALY

*TVeFhG ol ? AND RZZ'»FlaZ910Xs'GT *9F4a29//7 +TXr" U2 * *4 T
* x4y x w4 5% *Ugx CokL 7% * 4 8% *4 G % * S0 % x5 * * 5
x 2 53 % *6 b * *55 * *KEGAT) v :
10 FORMAT( U s "% 0" 9F 3423 7% Y 9F 7ub914F8aba? WY)
iG2 FORMAT(Y ", *'9F7-6714F8-§9' P}
103 FORMATILY T ¥V 9pF 759 148F3a5¢Y HY)
01 2 620
GO 2 1 = 149
£ = EL + 1.0
RZ = 04323

Alz(ecI*PL)/120.0
v 1 J=1s11
R2 = RZ2 + 0C.01

R = D.05
0 = (R2 - 0.28) / C.Z2C
Q = 1C0e0**Q '

CWRITE(S910C) 21eR29 G
DO 11 K=1s18
! 2 R + .01

Ve 10 Lz=ivl5 -
SA = UA + 1.0
A (BA*PLY/180 .

CUPZDPSI(RA)

P(LIZSNGL(DP)Y/(22P1)
UHZUOWIDE(RZrReAPAL)
WILIZSNGLIDW)Y/Z(2%F 1)
RILYISPIL)I+A/ (2P

1C CONTINUE

-
£
-

-
2

WIAXZAMAXZOWILZ) oWE2) oW (3) aW (L) o HIS) s W(B) sW{TIeW(B)aH () #WILIC) s WLLL
X )0 {12 s W (13D o LB ) oW (15))

IF(UMAXSLTW0.003C081) 60 TO 11

WRLTE(591C1) Ra(W(L)»LZ1+15)

WRITE(S5920G2) (PLL)sLZ1s25)

WRITE(H91C3) (HILIPLZZ915)

CONTANUE '

COUNTLNUE

CONTLINUE

£y
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FUNCTLON DRiu L(';;Q!ns 11}
IHMELLCAT uOU LY POECLSION(D)
UXZUPSL(ReR)

DAZLCOS (DX
cYouobo(rR=CTOStEA) ]
UYZ1.000-0Y

UZ2ZiutedtR2)

CiTul=0X)/0Y

LTl CLU0-Dr=xz

Ir{uzYy L1122

CULibE=0.000

RLTJKN

CAZUDLLE(SINUALY)
CZZISOGRTILZ)/0A
IF{L2Z.6EeleG) GO TO 1
CHLULEZDALCCS(UZ)

OHLILE = 2.000 = r“lUb
RETURN

[ SE A
A_l'db

FUNCTLON UPSLIK1A]

IMPLACIT DOouUsSLY PRECISIONID)
PDYTOSLE(RSINGAY)

DYZUELL IR*COS(A))
LYzZ1.CLC-DY

ULZCX/0Y

UPSIZUATANI(LZ)

RETURN

“ND

e sle ooy e oty ol o SR ute ok

Program RMS

NNNZZxN
XIR)IZPHASERINNND
NEN+D
CC TS 1

thl“U*
AZTLCGUE.
JuU & IZich
UL CECEIN Jogi N X
wItYlul—-ai/szel3)
Cllsd) = &

fy

Q'ut‘hd_

FLICKERING

THIS PR RUGRAL CALCULATES THE ROCT MEAN SQUARE OF THZI
DIMENSION LY(LZ2C) e X(E00eY(3L0)yZ(20C)1C(59220) vAAR(E)
FORMAT(1I0IT?

FORMATCU®*1 s PHASL® 95X e *AMPLITUDD *e5Xs* RMS ¥ 4S(2Xy"C=',
FORMATC? "5F8a539F23e09F12eC92X915F1341)
FORFMATIFE «3 920 U1 S5F210 1)

HNzi
IMTT:L
READ (892130 eEN0I2) (IY(K) 1K=1960)

ETZINIT 4 1
ZUNIZRMEANSULIY 1 SO Y M3 1o INIT)
YINIZYM :

FE€allso/)



AALL)=ZA
AzZA- lDUOUD.
CONTINUE

2o -
MTL

MMZS5Z
MRITE(S5,101) AA

HRITE(S»102) (X(K)vY(KloZ(AJv(C LeK)el= 195)vK—nvMM)

CIF(MM.GELN) GO TO il

CEND

[\

M=p+52
MMIMM+52
IF(MMaGEN) MMIN

60 10 10
CONTEINUE

PUNCH 380y . (XTKI oY {K) o Z(K) s {CCLp K)o LZ195) s K=o N)

FUNCTLON RMEANS(XsNvAsSeINIT)

’TVPLTCIT INTEGZR (X)

DIMEMSION X{N}eXX(120)
S‘H:D.U '
=

c r
= * U

IF(LNIT.GT.1) 60 TO 2

RMLANSZOWO
RETURN &
CONTINUE

DO 3 iZ1eN

SzS 4+ X(Iy + XXt}

A=S 7/ FLOATU(Z*N}

DO 4 Iz=1yeN _ )
-Dl:txil)~ﬁi**/ o
PZ2(XXCI I ~A)%x2
SU\':-)UV + D1 "" 02

00 5 IzZisN°
XXLI)=X DD :
RMEANSS S”QT(SU;/F‘OAT(Z*N))
RETURN - '
END

FArC IO PHALET (1)

BATA TIFRGaTate 4 Neh28 119, 66600 7
FEFLGAT i) o
T o= 14ERu 4 (X 4 AK0GUY 7 7H.0
T = 7 -« 34511 S

FHASES = T/ i1, 1789
RE TR
PR

e e e e e ek e S
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Program HOTSPOT

This simple analogue program generates a set of light curves for
the eclipse of the hotspot by varying one of the parameters i,

R s or ¥ o The spot is modelled as a flat emitting surface

59
( i.e. its intensity I = I,Cos( + ). ) composed of 120 elements
each of dimension %o.square, forming an elongated, tear-shaped
spot. At each value of  the position of each element is calculated
and fhen projected onto the plane 6f the sky. The program then
tests each to see whether it is obscured by the secondary. The

brightness of the spot is tsken, quite arbitrarily, to be'eight

units,

THIS PROGRAM CALCULATES THE THECRETICAL LIGHT CURVE FOR AN ECLIPSE
OF A wOT SPCT ‘ . - '
CIMENSICON X(5¢3C0)1Y(5s300392(59300) rXPLOT(2E2) »YPLOT(268)

UATA ALI+ALSoRDSIRDZIEPS / 67eCo454C100123+5e3%990450 7

DO 1 K Z1.5

ALS = ALS + 1.0

CALL MODEL (KeALIsALSYRUSYROZEPSrXrYeZ)

U0 3 K = 158

O 2 N = 19268
XPLOTIN) = XU(KoNJ

YPLOTUONY = Y(KN)

CONTLNUE

N oz zLs

CALL PLOTIT(XPLCTYPLCTsN)
CUNTLNUE

CALL ENDPLT .
£ i | ' -



SUoROUTLIMNE MCULL (KeALL2ALSYRUSIROZrEPSYHIUGENMIFRA
GIMENS L0 HS59500) »FRACES930C)Y2UGEM(S300) 9 X {150
COMMON ZSPO0TS/X e Y sl e BETARPSIIRADYPI

1UD FOURMATO*1's Y U Co#t LIGHT CURVE FCR IWNCLINATICN =

x I TL00 (" sF4e29%9y"yFG 29 %) ANT SECONDARY RADIUS = *yFy .2

101 FORMATOTL Y oS (2X e "I HASE Y 22X s "LAGHT Y 92X 9 7FRACT "))

202 FOHMATLEY Y9 2(3rT el )

103 FORMATLY "o l4s3Fi0.592L20e2F1Ce593F10.7)

1LY FURMAT(YL®) .

JATA P1 / 3414253 7/
RAU = PL /7 1EC.C .
P310 = ATANCUIROS*SIN(ALS*RAD)I I/ (1.0 - RDS*COS(ALS*RAD))I)I/(Z2.C+PI)

Yg 1C0C 1 = 1268
N o= 1
HiIKs L) = -ALS/360«0 + 1/1080.
Pel = RlKeLl)x2#F 14
A2 = SINCPSI
Yz =Z~COSUPSII*COS(ALL*RAL)
UO 1CJL J219&
ETA = *lz'J)V“AD

CALL POT(J?A SPALLIRUSEPS)
1C0T CUN '

¢YRA = C

N N - 4

PO 1202 - J=Z1+¢N :

CISC = (X(UJd) = X2)ysaxz + {Y{(J) - YZ)*=*2
SF{SCRT(SISCl.LE-N22) IFRAC = IFRAC + 1

1002 CONTLINUL

FRACIKs L) = FLTATULFRACI/FLGATIN)

FRACIMsL)Y = 1.0 = FRACIKSI)

A = PSI + ALS#*RAC

LI = 8.0xCOSUA)

H{Krl) = H{®Xs11 - PSIO

UGem(Ksl) :.Ul*F.L (s+L?Y + 2.C

WRITE(S59303) LePSLleXZeY22IFRACYMIULPSICsX(SE) Y {(55)+8ETA
1000 CUNTLINUE

WRITEZA(592CC) ALIWRUSH»ALSsRD2

WRITL (59201 ~
DO 1 ML = 1r54
MZ = B4 o+ M2
M3 Z108 + M1
M4 162 + M1
Mh :215 + M1 '
IF(MIWLECE2) WRITE(S+1C2) H{KeMLIyUGEM(K»MLToFRAC(KsMLI)y ——
* HUKaM2) rUBEMIKIM2)Y s FRACIKINZ)
* HIKsMZ) yUCEMIKM3) s FRACIKIMI) o
% HOK ML) sUBIM(K9M8) s FRACIKeMS )y
* S H{KsME) yUGEM(KaME) 9 FRACEK s M5)
IF{M1.0E053) WRITZ(591021 HIKaML) 2USEM(K e ML) s FRACIKs ML)y
* H{KsMZ) s UGEM(K»M2I9FRAC(K M2y
* - ‘ H{KsM3)2UGEM({K+eM2) 9 FRACIKIMI) v
* ' HUK» M8 ) s UGEM K 144 ) s FRAC UK MG )

1 CONTINJE
HRITL(32104)
e TURN

(Savey ' : J
e r %



SUSRUUTINE SFOT(UrALSYALLYRDESYEPS)

Cexxrx THLYS. UW<OU AN CALCULATLS THe POSITIONS OF THE ZLOMENTS OF THL
L ANLD ThoM CUECTS THISL ONTO THE PLANE OF THE SKY
’ CIME NS LON "<‘_,u)y‘:'(:.:3)
COMMUN /SPOTS/ A e Y rNeBLTAYPSIVRADsPI
CU T (1929292920 % o "
1 N1 = 2
N2 T 13
50 TG 4
2 Nl = 2
N2 = 27
GC TC 4 -
3 N1 = 1
N2 T3y

4 CONTINUE
DG 5 K = Mied: _
A S {LALS = L1.C#dFS) + K#£PS)*RAD

f¢

XS = RUS*COS(A)
YS = ROS*SINCA}

28 = HD *TANC2ITA)D

XIN) = SINI(PSL)I*XZ + COS(PSII*YS :

Y{N) = ~COS{PSL)I*CIS(ALL*RAD)*XS + SIM(PSI)*COS(ALI*RADI*YS +

* SIN(ALI»RADI®ZS .
N = N+ 1

CONTLY u‘t

ReTUR

ENU

oy

SUBRCUTINE B0OMNPLT

DIMENSION feUuRtzlLD)

CALL FLOTS(IZUFy22C0rS)

CALL PLCT{L4.Cr4alr~32)

Cact AX[;(Uauvuauv'LIGHT'1Jvlumu:,u-u1u.uv‘-C)

CALL AXIS(O.Cr0aCe'PROTCMETRLC PHASE‘!“l?'&L-C’u.u”C iZy2.C1i25)
CALL SYI“' O;_(quvJ-JPGoZl

U GEM MCOEL"'"0.Cr11)
RETURRN :
INTRY PLOTITU(XsY o)
BTN+ 2
UIMENCION XEMieY(ED

Y1) =z 1.0

Y{M-1) = 1.0

X(‘) = Q.0125

X ) = "Dolb

'”LL LINEC(XeYs X919 Tr3)
RoTURN

INTRY ERNDPLT
uAbL PLOTI(24.095,09-3)
ALL SYMBCL(Ge«Crl ol1Z 4359 *HRUWOODY 190016
"LL PLOT(2+s09-4.09929) :
KETURN
ENU

e L L L L

)
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