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PREFACE

When I undertook to write the present monograph, I did so in the
belief that we know little about novae except the facts. My aim, there-
fore, was to summarize the known data that should form the starting
point for an interpretation of the nova process.

The problem can be reduced to three questions. What is a nova out-
burst ? How does it proceed ? What causes it ? The first can be answered
confidently, if vaguely: the nova phenomenon is an explosion. The
answer to the third is clearly multiple, and is merely touched upon in
the final chapter. Most of the book is concerned with facts that bear
on the second.

As work on the book progressed I was struck both with the com-
plexity of our information and with its incompleteness, especially
with the lack of quantitative spectrophotometric data. No better pur-
pose could be served than that of calling attention to the need for
obtaining such data in the future. And it would be particularly valu-
able, in the study of future novae, to secure spectra of expanding
nebular envelopes with the slit in various orientations. The information
thus obtained for V 603 Aql has opened up a new era in the study of
novae.

I have become convinced that the whole nova phenomenon must be
studied ; the variations of total light and continuum, of radial velocity,
and of the intensities and profiles of absorption and emission lines must
be seen as connected parts of one physical phenomenon, rather than
as isolated data that can be understood separately.

I have inevitably been led into active research that bears on the
phenomena, and into attempts to understand the geometrical and
physical factors that govern them. Few of the results have found their
way into this volume, for most of them await the application of still
undeveloped theory. The late spectra of novae have some similarities
with those of planetary nebulae, and may be understood in terms of
similar processes, but a glance at Plate I will emphasize that the parallel
is not exact. And the problem of the excitation in the early stages is
still more obscure. The profiles of bright lines nearly always point to
some kind of axial symmetry, and their changes to some kind of
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directional excitation; many phenomena suggest that the latter is not
purely radiative.

No apology is due for the fact that the book will be obsolete by the
time it is printed. Chapters 9 and 11 had, in fact, to be largely rewritten
on account of discoveries published while the book was in proof. This
is a measure of the timeliness of the subject. I can ask nothing better
than that this small monograph may stimulate researches that will
replace estimates by facts and guesses by coherent theories. I am sure
that no one will learn as much from reading it as I have learned from
writing it.

CecILIA PAYNE-GAPOSCHKIN
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CHAPTER 1

STATISTICS OF GALACTIC NOVAE

1. Census of Novae

About a hundred and fifty galactic novae have been reported. Table 1.1
contains a list based on the compilations of Miiller and Hartwig (1920),
Stratton (1928, 1936), Payne-Gaposchkin and Gaposchkin (1938),
Tuchenhagen (1938), Cecchini and Gratton (1941), Vorontsov-Velya-
minov (1948), Kukarkin and Parenago (1948 and following years) and
the current literature. Stars erroneously announced as novae are
included, in parentheses, for completeness. The table gives the name
of the star, the year of appearance, the position designation* (italicized
for southern stars), the galactic coordinates, the Julian Day of maxi-
mum (if known), observed and extrapolated maximum brightness,
minimum brightness, and explanatory notes. The page on which the
star is discussed is noted in the final column. When an extrapolated
maximum is tabulated, the column headed “Remarks” gives, in
parentheses, the name of the nova whose light curve was judged to
be similar, and was used in making the extrapolation. Recurrent novae
are tabulated, but “‘symbiotic”’ novae and U Gemmorum stars will be
treated in Chapters 7 and 8. Supernovae are discussed in Chapter 9.

Table 1.1 provides data for preliminary studies of frequency,
brightness, range and distribution. Many of the stars have been too
sparsely observed to contribute much to our knowledge of the light
variations of novae, and still fewer provide detailed physical informa-
tion. Despite the large number of known novae, we have included only
seventeen in Chapter 4 (First Class), forty-six in Chapter 5 (Second
Class) ; the information for the remainder is fragmentary.

2. Light Curves of Galactic Novae

The observed light curves of galactic novae are collected in Fig. 1.1
to 1.7. When the scales of abscissae are compared, the stars are seen
to have developed at very different rates after maximum. The rate of
development provides a parameter for the classification of novae; it
is found to be correlated with absolute maximal magnitude and with
spectral change.

* Six digits denoting R. A. in hours and minutes, Dec. in degrees.
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McLaughlin (1936) has discussed the light curves of well-observed
novae, and demonstrated that while each star has its own individuality,
the changes of brightness follow a common pattern for most of them.
He recognizes nine stages in the development of a typical nova, which
he relates to the characteristic spectral variations. These stages are
summarized in Table 1.2; it must be admitted that in some cases they
produce a rather spurious effect of uniformity, and some imagination
is needed if all the stages are to be recognized for all novae. However,
they form a useful summary of the main stages of the process. Stage 1

V603 Agl

GK Per

Fig. 1.1. Light curves of eleven fast novae, arranged in order of rate

of fall from maximum. All are plotted on the same scale. Short vertical

lines along the axis of ordinates are at intervals of one magnitude; those
on the axis of abscissae are at intervals of ten days.

(pre-nova) represents the undisturbed star. Stages 2—4 (initial rise
through final rise) cover the expansion that follows the explosion;
during this initial swelling, most of the light (at least in the observable
regions) comes from a pseudo-stellar continuum, and a greatly distended
photosphere simulates that of a supergiant star. Stage 5 (principal
maximum) marks a turning point in the history of this photosphere,
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which must diminish rapidly in dimensions, though it probably in-
creases in surface brightness; meanwhile the bright-line spectrum
becomes conspicuous. Stage 6 (early decline) is marked by the fall in
brightness of the observable continuum, the relative increase of the
emission spectrum, and the arrival of multiple absorptions at the photo-
spheric level. Stage 7 (transition), which may be marked by large

Fig. 1.2. Light curves of thirteen novae. Ordinate and abscissa are marked at
intervals of one magnitude and ten days, respectively.

oscillations of the total brightness, and even larger oscillations of the
brightness of the continuum, sees even greater complexity of the ab-
sorption spectra, which now begin to weaken, and rapid changes in
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the bright-line spectra, which begin to develop ‘“nebular” charac-
teristics. Stage 8 (final decline), when the absorptions have vanished,
is marked by further development of the nebular spectrum, and often

T T T T T T T T T T

XX Tau

1 /c:} \ *
/ - J
Sct N

]
:
1

'

Fig. 1.3. Light curves of four similar novae. Ordinate and abscissa are
marked at intervals of one magnitude and ten days, respectively.

gives evidence of high and rising ionization and excitation. Novae
differ greatly throughout the early decline, transition, and final decline.
Probably ejection through the current photospheric level continues
throughout the transition; the final decline probably involves the
expansion of the explosion products after ejection has ceased. Stage 9
(post-nova) sees the star gradually returning to something very like
Stage 1, though the process may be a very long one, and may indeed
actually terminate only in a recurrence of the explosion.

The forms of the light curves of novae are associated with the
maximal luminosities, which will now be discussed.
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Fig. 1.4. Light curves of four novae of the “DQ Herculis type”, ob-
served through the deep minimum. Ordinate and abscissa are marked
at intervals of one magnitude and ten days, respectively.

3. Luminosities of Novae

That the novae are of very high luminosity at maximum has long
been recognized. Lundmark (1922, 1923) derived a value of —7.1,
very near to the modern result, from the secular parallaxes of eleven
novae. The high luminosity was placed beyond doubt by the discovery
of many novae in Messier 31 by Hubble (1929), when the large distance
of this galaxy was established by means of its Cepheids.

Five possible methods of determining the absolute magnitudes of
galatic novae were critically discussed by McLaughlin (1942). They
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rést on: (1) direct measures of parallax, (2) secular parallaxes, (3)
parallaxes from expanding nebulosity, (4) distances estimated from
intensities of interstellar lines, (5) distances derived from galactic
rotation.

n 1 | 1 ] | .

Fig. 1.5. Light curves of three novae of the “DQ Herculis type” after the deep

minimum. Ordinate and abscissa are marked at intervals of one magnitude and

one thousand days, respectively. The curve drawn for V 732 Sgr is the same as

that for DQ Her. Note that the rise of T Aur took about the same time, but its
decline was much slower.
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16 STATISTICS OF GALACTIC NOVAE Chap. 1

Trigonometric parallaxes, discussed by statistical methods that were
admittedly precarious (four of the ten available parallaxes were
negative) led McLaughlin to an absolute magnitude —6.7 after cor-
rection for interstellar absorption. A similar discussion by Tuchen-
hagen (1938) led to the value —7, but he included several types of
parallax determination. This approach to the luminosities of novae
can at best serve as qualitative confirmation of their great brightness.
The known proper motions and parallaxes of novae, taken from the
catalogue of Jenkins (1952), are given in Table 1.3.

McLaughlin was inclined to reject the method of secular parallaxes
on the ground that the resulting solar motion is abnormal. He pointed
out that radial velocities of most novae are indeterminate, so that
solutions employing them are invalid. Lundmark’s result, corrected
for interstellar absorption, gave a value —7.6 for absolute visual
magnitude at maximum.

AR
_—"" visaoph ™7

TN

Fig. 1.7. Light curves of four very slow novae. Ordinate and abscissa are marked
at intervals of one magnitude and ten days, respectively.

The most satisfactory method is the one that depends on the rate
of expansion of a nebular disc, which must be identified with one of
the radial velocities observed spectroscopically. Data for individual
novae will be discussed later. McLaughlin deduced a mean value of
—71.9 from four novae.
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TABLE 1.3
PROPER MOTIONS AND PARALLAXES OF NOVAE

Proper Motion Absolute

Star ta M3 Parallax
V 603 Aql .00 —.02 —.002 4.004
V 476 Cyg .. .. +.016 +.006
DN Gem -—.01 +.02 —.003 4.007
DQ Her .. .. —005 4-.011
DI Lac .. .. +.001 +4-.009
HR Lyr .. .. +.014 4-.012
V 849 Oph .. .. —.006 4-.013
GK Per —.01 —.02 +.006 -+.004
RR Pic —.056 —.02 —.005 4.008
WZ Sge +.08 —.02 +4.011 4-.011 Recurrent nova

Distance determinations from intensities of interstellar lines have
proved less satisfactory than they were first thought to be, because
the distribution of the absorbing material is far from uniform. The
value —7.6 was deduced by McLaughlin from seven novae; it confirms
the other methods in order of magnitude. Similar qualifications must
be made concerning determinations of distance from the residual
velocities of interstellar lines, whose complex nature is now generally
recognized. McLaughlin (1945) accordingly regards this method as
less promising than it formerly appeared; in any case it gives only
a lower limit for the luminosity. His earlier value, —6.5 (1942), was
indeed the lowest he derived for galactic novae.

The most important source of information is the discovery of novae
in stellar systems of known distance. Many novae were found in
Messier 31 by Hubble (1929); nine in the Magellanic Clouds were
discussed by Henize, Hoffleit and Nail (1954); a few in Messier 33
were announced by Hubble (1926, 1929), Carpenter (1929), and Bern-
heimer (1933) ; in Messier 81 by Humason (1950), Sandage (1954). Data
for Messier 31 and the Magellanic Clouds were used by McLaughlin
(1942) before the zero point of the period-luminosity curve had been
revised ; accordingly the values he obtained should be revised upward
by 1.5 magnitudes or more. The discussion by Payne-Gaposchkin (1954)
of the whole system of absolute magnitudes for variable stars, in which
this revision was taken into account, led to —7.6 for the average
maximal absolute magnitude of novae, on the basis of the material
then available.
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TABLE 1.4

ABSOLUTE MAGNITUDES OF NOVAE BY VARIOUS METHODS

Absolute .
Method Visual (McLWazlgll:ltin) Remarks
Magnitude

Trigonometric parallax —6.7 1
Secular parallax —17.6 1
Nebular expansion —17.9 1
Interstellar lines —17.6 1 low weight
Galactic rotation —6.5 3 low weight
Magellanic Clouds —8.0 3 zero point adjusted
Messier 31 —8.2 2 zero point adjusted
‘Weighted mean —17.62
General discussion —7.6 Payne-Gaposchkin (1954)

The studies described above are summarized in Table 1.4, which
is based on McLaughlin’s discussion. The mean has been taken with
McLaughlin’s weighting. The last entry in the table given by McLaugh-
lin (1942), which relates to the novae in the direction of the galactic
center, has been omitted. This group gave the value —6.2 in his
discussion. It has been much enriched in the intervening years, and
is omitted from Table 1.4, to be discussed in a later chapter. We may
conclude from Table 1.4 that an absolute maximal magnitude —7.6
can be adopted with some confidence for the average nova.

Individual determinations of absolute maximal magnitude for six-
teen novae are collected in Appendix I of the present Chapter, p. 35.
Determinations from nebular expansion, interstellar line intensity,
galactic rotation, and presence in a globular cluster are summarized
there, so that the various results for each nova may be directly com-
pared.

It is clear, however, that novae have a dispersion in absolute
maximal magnitude. The best site for the exploration of these differ-
ences is certainly a distant system that is rich in novae. Conclusions
drawn more indirectly from galactic novae will stand or fall to the
extent that they are substantiated by such information. The recent
study of the novae in Messier 31 by Arp (1956), kindly made available
to the writer before publication, furnishes such material, and places
the luminosities of novae on a firm footing.
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One of the difficulties in all determinations of apparent (and therefore
of absolute) maximal magnitude lies in the extrapolation to maximum
of an incompletely observed nova light curve. If we could be confident
that the light curve follows a fixed course, this difficulty would be
removed; but only for Type I supernovae have we this confidence.
The systematic coverage of the novae in Messier 31 by Arp removed
the difficulty. His results show that the maximal luminosity is corre-
lated both with the rate of decline (expressed as magnitudes per day
for the first two magnitudes’ drop in brightness), with the duration
(expressed as the time in days during which the nova was brighter
than the 20th apparent photographic magnitude), and with the general
form of the light curve. Table 1.5 contains some of the data given
by Arp for the thirty novae that he discussed. The two last columns
have been added from inspection of the light curves by the present
writer, for the purpose of comparing with those of galactic novae.

Nova No. 4 was found by Arp to be reddened and obscured. Both
No. 10 and No. 20 have conspicuous pre-maximum rises.

The duration, as defined above, is shown by Arp to be closely related
to the maximal apparent (and therefore absolute) magnitude. The rate
of decline over the first two magnitudes is also related to absolute
magnitude. This quantity is readily determined for well-observed
galactic novae, and we may (if we assume similarity in the two galaxies)
use it to estimate maximal absolute magnitude for galactic novae.
This done, we can determine the duration (as defined by Arp) by the
number of days that the nova spends above absolute magnitude —4.2.
The assumption of identity of novae in the two systems can to some
extent be tested by a comparison of the deduced durations with those
found by Arp for novae with similar rates of decline, and also by
examining the forms of the associated light curves. The results of
the test are summarized in Table 1.6. The four first columns contain
the name of the star, the observed rate of decline, the deduced absolute
maximal magnitude, and the deduced duration; the next gives the
observed rate of rise; two final columns describe the character of the
light curve. We should note that Arp’s light curves are photographic,
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TABLE 1.5
NOVAE IN MESSIER 31 (ARP, 1956)
Mpa* Duration Rate. of Raife of Energy Light Curve
No. m Decline Rise % 10% ergs Early Transition
mag/day mag/day Decline

1 —85 5.2 1.02 24 1.2 smooth

2 —85 5.2 1.02 24 1.2 smooth

3 (—8.3) (11.2) 0.38 .. .. smooth

4 —6.0 11.8 0.20 1 - oscillation

5 —8.3 16 0.17 .. 4.3 oscillation oscillation

6 —8.2 24 0.23 8 3.2 oscillation oscillation

7 —83 26 0.15 .. 5.8 smooth ?

8§ —8.2 29 0.23 6.7 3.7 oscillation! oscillation!

9 (—8.2) (33) 0.174 0.7 .. ? oscillation
10 —8.2 35 0.29 1 2.9 oscillation oscillation
11 (—8.2) (33:) ? .. .. oscillation oscillation!
12 —8.1 39 0.180 2 7.4 ? oscillation
13 —17.2 43 0.077 1 4.9 oscillation oscillation
14 (—8.0) (43) 0.183 .. .. smooth oscillation
15 —17.8 43 0.126 8 .. oscillation! oscillation!
16 —7.5 44 0.156 15 4.1 oscillation! oscillation!
17 —7.0 49 0.069 1.4 .. oscillation oscillation
18 —6.7 49 0.058 0.75 .. oscillation oscillation!
19 —6.6 49 0.070 0.16 3.4 oscillation! oscillation
20 —17.0 53 0.060 0.40 4.2 oscillation! oscillation!
21 —6.8 65 0.075 4 4.9 oscillation! oscillation |
22 —6.6 65 0.067 ‘e .. oscillation! oscillation!
23 —6.8 72 0.046 .. .. oscillation oscillation
24 —64 92 0.059 1: .. oscillation! oscillation{
25 —6.6 93 0.061 0.29 3.8 oscillation! oscillation!
26 —6.2 96 0.043 0.07 4.6 oscillation! oscillation!
27 (—6.4) (91) .. .. .. oscillation! oscillation |
28 —6.4 115 0.019 0.5 7.6 oscillation! oscillation |
29 —6.2 150 0.017 0.07 9.0 oscillation oscillation
30 —6.1 150 0.017 0.25: 6.3 oscillation oscillation

* Assumed m — M = 24.2, Baade (1954).
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TABLE 1.6

Chap. 1

GaLAcTIC NOVAE: OBSERVED AND DEDUCED PROPERTIES

Rate. of max Duration Rate of Light Curve
Star Decline deduced deduced ! A iti
observed observed Larly Transition
Decline
mag/day mag/day
U Sco* 0.67 —8.4 8 smooth
T CrB* 0.52 —8.4 10 smooth
V 603 Aql 0.57 —8.35 16 9.5  smooth oscillation
V 630 Sgr 0.50 —8.35 12: smooth oscillation ?
V 909 Sgr 0.50 —8.35 16 smooth oscillation ?
CP Pup 0.40 —8.3 9 smooth smooth
CP Lac 0.40 —8.3 23 9 smooth smooth
Q Cyg 0.33 —8.3 23 smooth smooth
DM Gem 0.33 —8.3 48 smooth bump on fall
GK Per 0.33 —8.3 25 smooth oscillation!
MT Cen 0.33 —8.3 .. smooth
RS Oph* 0.30 —8.3 22 smooth smooth
V 476 Cyg 0.29 —8.3 26 smooth  dip
V 723 Sco 0.29 —8.3 31 smooth oscillation ?
V 604 Aql 0.25 —8.25 31 smooth  smooth
V 1059 Sgr 020 —825 63:
V 1016 Sgr 0.17 —8.25 75:
FL Sgr 0.17 —8.25 smooth
GI Mon 0.15 —8.1 52 smooth oscillation
DK Lac 0.14 —17.95 64 oscillation oscillation!
FS Sct 0.14 —7.95 81
EU Sct 0.14 —17.95 51 oscillation abrupt fall
V 726 Sgr 0.14 —7.95 95:
V 368 Aql 013 —18 ..
V 719 Sco 0.13 —7.8 26
V 500 Aql 0.13 —17.8 47 smooth  oscillation
DN Gem 0.12 —7.9 46 7 oscillation oscillation
V 787 Sgr 0.12 —17.7 64
V 1015 Sgr 0.12 —7.7 34:
V 528 Aql 012 —7.7 .
V 720 Sco 0.118 —17.55 19
EL Aql 0.105 —17.35 33 oscillation oscillation
DI Lac 0.100 —17.3 39 smooth oscillation
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Refs. p. 38
TABLE 1.6, continued
Rateof /. Duration 2% 0t Light Curve
Star Decline = ;. juced deduced 5 T
observed " eauced bservea Early Transition
m d Decline
mag/day mag/day
KT Mon 0.100 —7.3 .. smooth  smooth?
V 840 Oph 0.100 —7.3
WZ Sge* 0.100 —17.3
FM Sgr 0.091 —17.15 .. smooth
KP Sco 0.091 —7.15 35
XX Tau 0.083 —7.05 50 oscillation dip
HR Lyr 0.064 —6.75 60:
CQ Vel 0.05¢4 —6.65 47 smooth  dip
V 707 Sco 0.050 —6.6 48 smooth ?
OY Ara 0.045 —86.5 65:
X Cir 0.040 —6.45
V 1017 Sgr* 0.03¢ —6.4 ..
T Pyx* 0.032 —6.4 64 oscillation oscillation
DQ Her 0.030 —6.25 66 oscillation dip of 7 mag.
V 732 Sgr 0.027 —6.2 72 oscillation dip of 3 mag.
RR Pic 0.025 —6.2 79 oscillation dip
T Aur 0.025 —6.2 81 oscillation dip of 7 mag.
V 697 Sco 0.024 —6.2 83 smooth smooth
DY Pup 0.017 —6.05 98 smooth ?
V 711 Sco 0.017 —6.05 95
V 849 Oph 0.017 —6.05 ..
V 356 Aql 0.013 —6.0 57 oscillation smooth
CN Vel 0013 —6.0 > 200 oscillation
AR Cir 0.010 —5.95 200 oscillation
V 999 Sgr 0.009 —5.95 250:
DO Aql 0.007 —5.9 > 250 oscillation
BS Sgr 0.006 —5.9 200: smooth ?
X Ser 0.006 —5.9 370 smooth oscillation ?
RR Tel 0.003 —5.85 525 oscillation
RT Ser 0.002 —59 >1000 oscillation ? oscillation
n Car 0.001 —5.9: 1000: oscillation oscillation
FU Ori 0.001 —5.6: .. smooth

* Known to be recurrent
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and a number of the light curves of galactic novae, from which rates
of decline and durations are deduced, are visual. The color indices
of novae are so erratic that it has been judged impossible to improve
the material by attempting to correct for this effect.

The relationships between rate of decline and duration are compared
in Table 1.7. The correspondence justifies our assumption that the
galactic novae are comparable to those in Messier 31.

TABLE 1.7
RELATION OF RATE OF DECLINE TO DURATION

Limits of Rate

of Decline Logarithm of Mean Duration (days)

mag/day Messier 31 Galaxy
>1.00 0.715 (2) ..
0.60 to 0.69 .. 0.903 (1)
0.50 to 0.59 .. 1.130 (4)
0.40 to 0.49 .. 1.204 (2)
0.30 to 0.39 1.040 (1) 1.470 (4)
0.20 to 0.29 1.398 (3) 1.577 (4)
0.10 to 0.19 1.544 (10) 1.714 (14)
0.01 to 0.09 1.886 (7) 1.874 (18)
0.00 to 0.009 . 2.670 (5)

Tables 1.5 and 1.6 show that both galactic and Messier 31 novae
present continuous distributions of duration. There is no evidence here
that the novae represent several distinct classes. McLaughlin (1945)

TABLE 1.8
CLASSIFICATION OF LiGHT CURVES

Rate of Decline

4.Cl -
Speed Class Definition mag/day
Very fast Fall of 2 mag. in 10 days or less >0.20
Fast Fall of 2 mag. in 11 to 25 days 0.18 to 0.08
Moderately fast Fall of 2 mag. in 26 to 80 days 0.07 to 0.025
Slow Fall of 2 mag. in 81 to 150 days 0.024 to 0.013

Very slow Fall of 2 mag. in 151 to 250 days 0.013 to 0.008
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recognized very fast, fast, average, slow and RT Serpentis novae, but
(save for the last) these classes represent convenient groupings rather
than physically distinct species. For purposes of illustration we shall,
however, use these terms in what follows.

The relation of light curve to speed class is summarized in Table 1.9.

TABLE 1.9
SPEED CrLASS AND CHARACTER OF LIGHT CURVE

Moderately Slow

Speed Class Very Fast Fast Fast
Eayrly decline: % % % %
Smooth 90 69 12 12
Oscillation 10 31 88 88
Transition:
Smooth 38 33 0 0
Oscillation 38 42 0 87
Dip 24 25 100 33
Oscillation + dip 62 67 100 100

Clearly the very fast and fast novae tend to display a smooth early
decline, and to a less extent a smooth transition, whereas the slow
novae tend to oscillate during early decline, and, to an even greater
extent, to oscillate and dip during transition. These tendencies are
pointed out qualitatively by McLaughlin (1939). That they are also
displayed by the novae of Messier 31 is testified by Table 1.5.

The relative numbers in the speed classes are shown, in percentages,
in Table 1.10. A smaller proportion of moderately fast novae and slow
novae in the galaxy is offset by greater numbers of fast and very fast

TABLE 1.10
DiSTRIBUTION OF NOVAE AMONG SPEED CLASSES

Very Moderately Very
Fast Fast Fast Slow Slow RT Ser
Galaxy, % 24 36 17 9 5 9

Messier 31, 9 6 13 43 38
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novae, a difference pointed out by Arp. He notes that the effect of
discovery may play some part, but probably the difference is real.
Its source will be discussed in Chapter 2.

The novae whose distances have been determined from expanding
nebular discs furnish an interesting comparison with the luminosities
of Table 1.6. The data are given in Table 1.11.

TABLE 1.11
NovaAe wWIiTH OBSERVED NEBULAR Discs

Absolute Maximal Magnitude

Star Table1.6  Nebular Disc Reference

V 603 Aql —8.35 —8.9 Hubble and Duncan (1927)
—9.3 Baade (1941)

CPPup —8.3 —10.5* Zwicky (1956)
—8.5 Weaver (1955)

V 476 Cyg —8.3 —8.9 Baade (1944)

CP Lac —8.3 —9.2 Baade (1944)
—8.6 McLaughlin (1945)

GK Per —8.3 —8.4 Baade and Humason (1943)

RR Pic —6.2 —7.3 McLaughlin (1936)

DQ Her —6.25 —5.5 Baade (1940)

T Aur —6.15 —5.3 Baade (1943)

* Uncorrected for absorption.

The nebular parallaxes depend on the correct selection of the radial
velocity that corresponds to the motion of the expanding nebulosity.
The three determinations for V 603 Aquilae and the two for CP Lacertae
involve different choices for this velocity. The ‘“‘nebular expansion”
for RR Pic depends on the observed motion of nebulous knots, rather
than of a nebulous envelope, and this star shows the largest discordance.
The two similar novae DQ Her and T Aur show a discordance in the
opposite sense ; perhaps the rate of fall — luminosity relation is not valid
for novae with this special type of light curve. The accordance for the
four brightest novae, however, is very satisfactory, and both sets of
absolute magnitudes show similar trends in absolute magnitude with
speed class.

Two galactic novae are possibly connected with globular clusters:
the very fast T Sco, and the interesting though sparsely observed
V 1148 Sgr. If they are associated respectively with Messier 80 and
NGC 6553, their absolute magnitudes are near —9.
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TABLE 1.12
Novate oF KNowN RANGE
Star Pre-nova Maximum Post-nova  Notes

Obs. Extr.
EL Aqi . 6.4 6.4 19.0  Wyse (1940)
V 356 Aql 16.0 7.0 7.0 ..
V 603 Aql 10.5v* —1.1 —1.1 10.5v
OY Ara 17.5 6.2 5.1 ..
T Aur .. 4.2 4.2 14.8v
AR Cir 14.9 10.6 10.6 14.8  Probable companion
Q Cyg .. 3.0 3.0 14.8v
V 450 Cyg .. 7.8 7.8 16.3
V 465 Cyg 17.5: 8: 7.3: Pre-nova, Ashbrook and

Nail (1950)

V 476 Cyg .. 2.0 2.0 16.15c*
DM Gem .. 5.0 5.0 16.5¢
DN Gem 15: 3.5 3.5 14.8v
DQ Her 14-15v 14 14 13.8v  eclipsing star; still fading ?
CP Lac 15.3 2.1 2.1 14.85 still fading?
DI Lac 14.0 4.6 4.6 14.4v
HR Lyr 16. 6.5 6.5: 153
BT Mon .. 8.5 5: 17.6:
GI Mon 15.1c 5.6 5.6
IM Nor 16.5 9.0 9.0 ..
V 841 Oph .. 5.0 2: 12.6v
FU Ori 16: 9.7 9.7 .. still fading
GK Per 13.5v 0.2 0.2 13.v
RR Pic 12.7¢ 1.2 1.2
CP Pup 17 0.2 0.2 ..
GR Sgr 16.6 11.4 7.5:  16.5
HS Sgr 16.5 11.5 10.0: ..
V 441 Sgr 16.0 8.7 8.2 15.5¢
V 630 Sgr 15: 4.5 4.5 ..
V 999 Sgr .. 8.0 8.0 16.5v
V 1016 Sgr 14.9 8.5 6.9 14.9c
V 1059 Sgr .. 4.9 2.0: 16.5¢c
X Ser 14.5v 8.9 8.9 15.4
RR Tel 12.5-{14 6.8 6.8 still fading

* v = variable, ¢ = constant
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The relation between duration and absolute maximal magnitude
that has been established by Arp in Messier 31 is very similar to the
one deduced by McLaughlin (1945), which indeed it now puts on an
accurate quantitative basis. It is quite distinct from the “life — lumino-
sity relation” deduced by Zwicky (1936) and illustrated by a comparison
between common novae and supernovae; this relationship associates
greatest maximal luminosity and total luminosity with longer life, and
will be mentioned in connection with the supernovae. Zwicky pointed
out that the slow novae must deviate from this relation.

The minimal luminosities of novae present a more intricate problem.
If we suppose that the maximal luminosities of Table 1.6 are valid,
it might seem easy to deduce absolute minimal magnitudes from
observed ranges. However, the data present puzzling anomalies.
Table 1.12 presents our current information for novae of which we
possess pre-maximum or post-maximum observations, or both.

TABLE 1.13
AVERAGE RANGES OF NOVAE (MCLAUGHLIN)

Fast Novae Slow Novae

Average Range:

Observed max. 10.6 (15) 9.6 (7)

Extrap. max. 10.8 (15) 9.8 (7)

Average Mmax —8.3 —6.2
Deduced M y,,:

Observed max. +2.3 +34

Extrap. max. +2.5 +3.6

We thus possess information on the ranges of thirty-two novae,
twenty-two seen in the pre-nova stage, twenty-two in the post-nova
stage after return to “normal” brightness. Eleven were variable in
the pre-nova or post-nova stage, or both; seven are recorded as
sensibly constant. Table 1.12 indicates that the pre-nova and post-
nova brightnesses are sensibly the same, and that detectable variations
in this stage are perhaps rather commoner than constancy. Similar
conclusions have been reached by McLaughlin (1939, 1941) and by
Bertaud (1948). The extrapolated magnitudes of Table 1.12 are taken
from Table 1.1. Recurrent novae have been excluded, and also peculiar
stars such as 5 Carinae (probably still fading) and P Cygni.
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Discussion of the observed ranges of novae by McLaughlin (1939)
led to the results of Table 1.13. The final lines are added in accordance
with the maximal magnitudes deduced earlier.

Some doubt is cast on the significance of these numbers by the fact,
noted by McLaughlin, that the mean range of the three apparently
bright slow novae T Aur, DQ Her and RR Pic is nearly twelve magni-
tudes. The doubt is intensified when we note that the observed range
is greatest for the novae of brightest apparent maximal magnitude;
in fact for stars that do not reach third magnitude it is linearly corre-
lated with observed maximum magnitude. This relationship is clearly
shown by Table 1.14, which displays the correlations between apparent
maximal magnitude and range, both for the material in Table 1.12
and for the slightly different compilation of Bertaud (1948), which
included # Carinae but not P Cygni.

There are three possible interpretations. These novae may all have
sensibly the same apparent magnitude at minimum; or we are dealing
with a selection effect; or the ranges of faint novae have been under-
estimated. The first is quite implausible ; the second is made improbable
by the absence of small ranges for apparently bright novae (P Cygni
excluded); the third seems the most likely. McLaughlin (1939) indeed

TABLE 1.14
APPARENT MAXIMAL MAGNITUDE AND AMPLITUDE FOR GALAcCTIC NOVAE
. Amplitude Mean Apparent
Apparent Mean Amplitude Maximal Magnitude
Maximal Our Bertaud
Magnitude Our Bertaud
§ Data Data Data Data
-1.9 to -1. 11.9 (1) 11.25 (2) 50to 59 .. 10.0 (2)
00to 09 15.05 (2) 12.8 (1) 6.0to 6.9 8.85 (4) 9.0 (1)
1.0to 19 12.40 (2) 12.3 (2) 70to 7.9 8.60 (2) 8.0 (2)

20to 2.9 13.09(4) 134 (2) 8.0to 8.9  7.42(4) 6.89 (7)
30to 3.9 11.55(2) 11.45(2) 90to 9.9  6.05(4) 5.7 (1)

40to 49 1023(3) 10.50(6) | 10.0to 10.9  4.50 (4) 2.95 (4)
50to 59 11.50(3) 1045(2) | 11.0to 119  2.32(6) 3.39 (8)
6.0to 6.9 931(4) 10.83(3) | 12.0to 129  5.05(3) 3.3 (2
7.0to 7.9 9.15 (4) 8.05(4) | 13.0t013.9 252 (4) 1.83 (3)
80to 8.9 7.52 (2) 7.27(3) | 140t0 149  2.00(2) ..
9.0to 9.9 6.9 (2) 6.75(2) | 15.0 to 15.9 ..

10.0 to 10.9 6.5 (1) .. 16.0 to 16.9 ..
11.0 to 11.9 .. 50 (1) | 170t017.9 02 (1)
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invoked it for AR Circini when he surmised an unresolved companion.

If misidentification at minimum has falsified some of the ranges,
we can obtain a better idea by studying only the novae that can
be definitely located at minimum. These are the post-novae whose
spectra have been identified and studied by Humason (1938), Briick
(1932) and McLaughlin (1953), sixteen stars in all, of which eleven fall
in the present category, five being recurrent. These stars are given
in Table 1.15.

TABLE 1.15
GALACTIC NOVAE WITH OBSERVED MINIMAL SPECTRUM

Maximum

Star (Obs. or Extr.) Post-nova Range Remarks
m m m
V 603 Aql —1.1 10.8 var. 11.9 Humason (1938), Briick (1932),

McLaughlin (1953): blue star,
bright lines, nebula

T Aur 4.2 14.8 const. 10.6 Humason (1938), McLaughlin
(1953): blue star, weak bright
lines, nebula

Q Cyg 3.0 14.8 var. 11.8 Humason (1938), McLaughlin
(1953): blue star, very weak
bright lines

V 476 Cyg 2.0 15.5 const. 13.5 Humason (1938), McLaughlin
(1953): nebula
DM Gem 5.0 16.5 const. 11.5 Humason (1938), McLaughlin

(1953): no absorption or
emission seen; less blue than
usual post-nova

DN Gem 3.5 14.8 var. 11.3 Humason (1938), McLaughlin
(1953): blue star, weak
emission

DI Lac 4.6 14.4 const. 9.8 Humason (1938), McLaughlin
(1953): very weak emission

HR Lyr 6.5: 15.3 8.8 Humason (1938), McLaughlin
(1953): very blue star

V 841 Oph 2.0: 12.6 var. 10.6: Humason (1938)

GK Per 0.2 13.5 var. 13.3 Humason (1938), McLaughlin

(1953): blue star, emission
lines, nebula

V 1059 Sgr 2.0: 16.5 const.  14.5: Humason (1938), McLaughlin
(1953)

Mean Range 11.60
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Although the material of Table 1.15 is necessarily limited by
minimal apparent magnitude, and might therefore be expected to
minimize the deduced ranges, it gives an average range of 11.6.
Several stars are surrounded by nebulae, which might be expected
to reduce the ranges, but the brightest nebula is probably the one
about GK Persei, a nova which has a range above the average. Indeed
the mean range for novae with observable nebulae is 12.3 mag., and
that for novae without observable nebulae is smaller, 11.2 mag.

The minimal absolute magnitudes for this group of novae are deduced
in Table 1.16. The stars are arranged in order of absolute maximal
magnitude (Table 1.6); four bright recent novae, whose ranges are
known with confidence, are added to the list.

TABLE 1.16
MAXIMAL AND MINIMAL ABSOLUTE MAGNITUDES, WELL-OBSERVED NOVAE
Star Mmax Speed Range Muin
m Class m m
V 603 Aql —8.35 VF 11.9 var. +3.55
CP Lac —8.3 VF 13.2 +4.9
Q Cyg —8.3 VF 11.8 var. +3.5
GK Per —8.3 VF 13.3 var. +5.0
V 476 Cyg —8.3 VF 13.5 +5.2
DM Gem —8.3 VF 11.5 +3.2
DN Gem —8.25 F 11.3 var. +3.05
V 1059 Sgr —8.2 F 14.5: +6.3:
EL Aql —17.35 F 13.5 +6.15
DI Lac —7.3 F 9.8 var. +2.5
HR Lyr —6.75 S 8.8 +2.1
T Aur —6.2 S 10.6 +4.4
RR Pic —6.25 S 11.5 +5.3
DQ Her —6.25 S 13.1 var. +6.85

Average values for the different speed classes are given in Table 1.17.

The selection of novae of observed minimal spectrum has led to
fainter minimal magnitudes, as will be seen by comparison with the
entries taken from Table 1.13. The fast and very fast novae appear
to have larger ranges, and (for the mean of all) to be somewhat brighter
at minimum than the slow novae. This trend would not be changed by
the inclusion of CP Pup* among the very fast novae; its range of about

* We use the nebular parallax, and have applied no correction for, absorption;
the minimal absolute magnitude may thus be brighter.
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seventeen magnitudes would give an absolute minimal magnitude
+5.8, and would change the mean for very fast novae to 4-4.45. The
correlations illustrated by Bertaud (1948) show differences in a similar
sense, but the numerical values are not the same, since Bertaud used
all available ranges rather than a critical selection, included recurrent
novae, and employed inhomogeneous absolute maximal magnitudes.

TABLE 1.17
SPEED CLASS, RANGE AND ABSOLUTE MINIMAL MAGNITUDE
Mean Mean Absolute
Speed Class Range Minimal Magnitude Table 1.13
m m m
Very fast 12.54 +4.14
Fast 12.25 +3.90 } +2:6
Slow All 11.00 +4.66 +3.6
HR Lyr,
RR Bor } 10.25 +3.70
DQ Her, +5.45
T Aur } 11.85 +6.45%

* adopting ‘‘nebular” parallax

There is, however, another possibility. The stars of DQ Herculis
type may not follow the relation between rate of decline and absolute
maximal magnitude; if for these we adopt the ‘“‘nebular parallaxes”,
we find them much fainter at minimum, while the other slow novae
differ inappreciably from the fast and very fast novae.

Two possible RT Serpentis stars, FU Orionis and RR Telescopii, are
given in Table 1.12. If we extrapolate Arp’s relation and assign them
absolute maximal magnitude —5.9, their observed range of 6.5
magnitudes leads to an absolute minimal magnitude +0.7. Wach-
mann (1954) doubts whether the former star is a nova; but the spec-
trum of RR Telescopii leaves no doubt for that star. However, the
large pre-outburst fluctuations of RR Telescopii make it possible that
when first observed it was executing a protracted pre-maximum rise,
so that the deduced absolute minimal magnitude is an upper limit;
a parallel is furnished by the (very rapid) T CrB, which began to
show signs of disturbance several years before the maximum of 1946,
We accordingly consider the minimal absolute magnitudes of RT
Serpentis stars as uncertainly known.
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Five recurrent novae have been observed at minimum. If their
maximal absolute magnitudes follow Arp’s relation, we obtain the
results of Table 1.18.

TABLE 1.18
ABSOLUTE MAGNITUDE AND RANGE, RECURRENT NOVAE
Maximal .
Minimal
Star Absglute Range  Absolute Speed
Magnitude Magnitude Class
(deduced) gn
T CrB —8.4 8.6 +0.2 VF
RS Oph —8.3 7.5 —0.8 VF
WZ Sge —17.3 9.1 +1.8 MF
T Pyx —6.4 7.2 +0.8 S
V 1017 Sgr —6.4 7.1 +0.7 S

The recurrent novae thus seem much brighter at minimum than
the other novae, with the luminosities of giant stars. The minimal
brightness does not seem to be related to the length of the cycle; but
there seems to be a tendency to faster development, and thus perhaps
to greater maximal luminosity, for stars of longer cycle: T CrB, U Sco
and RS Oph (very fast novae) had cycles of 80,33 and about 35 years;
WZ Sge, 33 years; and the slow novae T Pyx and V 1017 Sgr have
cycles of under 20 years. Recurrence is emphatically not confined to
the very rapid novae; in fact the ‘“‘symbiotic novae” may well be
included among the recurrent novae, and their development, while
erratic, is fairly slow.

A new light is thrown on the amplitudes of novae by the discovery
of Walker (1954) that DQ Her displays at the present time the light
curve of an eclipsing star of very short period. We shall not here
discuss the physical and evolutionary implications of this discovery,
but we may point out that if the tendency is general, the persistent
minimal variability of at least some novae may furnish evidence of it.
The observed ranges of novae would then be lower limits. All the non-
recurrent novae of known minimal spectrum are faint blue stars at
minimum, usually with weak bright lines; novae thus probably
originate from blue subdwarfs. If we take this view, the novae of
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observed minimal spectrum, even if they are double stars, have ranges
nearly equal to the true range of the blue subdwarf that dominates
the minimal spectrum. Perhaps some of the smaller observed ranges
are not based on misidentifications (as suggested earlier), but are
results of a brighter companion, but this must remain a speculation in
the absence of observations. The recurrent novae, some of which have
minimal spectra of M giant stars, are of particular interest in this
connection, as are the symbiotic variables such as Z And and R Aqr.
These stars will be discussed in a later chapter; certainly the “nova
component” of T CrB is now, and was for several years before the
outburst of 1946, comparable in brightness with the giant M ‘“com-
panion’’; but it may for some of the time be much fainter.

Our survey of the light curves of novae is rich in detail, but the
details, and indeed the broad outlines, are still far from being under-
stood. The main facts, which a satisfactory theory must meet, are
summarized in Table 1.19.

TABLE 1.19
SuMMARY OF FAacTs CONCERNING THE Nova LicaT CURVE

1. The outburst is sudden and the rise rapid.
2. The novae that fade most rapidly are brightest at maximum.

3. The novae that fade most rapidly have the s