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Variable Stars in the Small Magellanic Cloud"

Cecilia Payne-Gaposchkin® and Sergei Gaposchkin®

Introduction

Sixty years ago Miss Leavitt (1906) noted that
the region of the Small Magellanic Cloud is ex-
ceedingly rich in variable stars, and published
a list of coordinates and magnitudes for almost
a thousand. Later studies of the region by
Shapley and his collaborators brought the num-
ber of published variables up to 1566. The
present paper contains the results of a system-
atic study of these stars on the available
Harvard plates. Some proved to be duplicates,
and 46 more variables were added in the course
of the work. Table 1 enumerates the variables
studied.

Table 2 is a list of the published Harvard
variables in the region, and of the newly dis-
covered variables, arranged in order of HV
number. Successive columns give the HV num-
ber, the x and y coordinates (seconds of arc on
Miss Leavitt’s system), a coded list of refer-
ences, and a coded summary of results (see end
of table 2). Further notes are given for a few
stars. Underlined entries under “Results” are
taken from the published references.

For HV 809 to 2234 and for HV 11212 to
12184 the first reference is to announcement of
discovery without discussion. The other refer-
ences cover determinations of periods and mag-
nitudes, but no attempt is made to cover all later
mention of the stars. Most of the variables

1This work was carried out under a National Science Foun-
dation Contract NSF-G22496.

2 Professor of Astronomy, Harvard College Observatory,
Cambridge, Mass.

3 Astronomer, Harvard College Observatory, Cambridge,
Mass.

from HV 12082 on were discovered on plates
made with the 60-inch reflector, and many of
these are too faint, or otherwise unsuitable, for
study on the Bruce plates. Periods could be
derived for about half of these stars, and vari-
ability verified for about half of the remainder.
Most of the others are not observed to vary ap-
preciably on the Bruce plates, and should be
studied with larger scale; too few 60-inch plates
are available for effective discussion. The stars
noted as “not measured” are: the four novae,
some stars that lie outside the main body of the
Cloud and therefore outside the field studied, a
few close doubles, and a few that could not be
successfully identified.

The photographic material comprises over
500 plates taken with the 24-inch Bruce refrac-
tor between 1898 and 1950, and about 30
plates taken with the ADH Baker-Schmidt
telescope between 1952 and 1962. A few plates
taken with the 8-inch Bache refractor from 1888
onward could be used for the brightest stars.

Comparison stars were chosen in the vicinity
of each variable, and the brightness was esti-
mated in arbitrary steps relative to them. The
comparison stars were selected and the step
values assigned by Sergei Gaposchkin, who also
made a large number of the estimates. The rest
of the estimates were made under his direction.

The periods were determined by C. Payne-
Gaposchkin with the assistance of Barbara
Russey. Previously published periods were ex-
amined and (as seen from table 3) many were
slightly corrected, but only a few were found
to be grossly in error. When the period had
been determined, the phases and mean light
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curves were determined for all the measures by
means of a program written by E. M. Gaposch-
kin for the IBM 7094 computer. Means were
formed for each set of ten successive phases.
The brightness, which up to this point had been
expressed in steps, was then converted into mag-
nitudes. The magnitudes were based on the
standards used by Arp (1958a, 1958b, 1959a,
1959b, 1960a) in his study of the Small Cloud.

Table 3 summarizes the results. Successive
columns give the HV number, the x and y co-
ordinates, the previously published period (if
any), the period found from the present ma-
terial, Julian Day of normal maximum, ob-
served maximum (#/), minimum (m), and in-
tegrated mean magnitudes (73), range (A4),
mean magnitude reduced to mean intensity
(<m>), and the number of positive observa-
tions. The number of estimates used was 557,-
624 but about 750,000 were made, since “not
visible” observations do not enter the means,
and observations for stars for which no results
were obtained are not tabulated.

A preliminary study of the period-luminosity
relation for the Cepheids showed that all stars
in some regions (notably at the ends of the main
axis) are systematically faint. Whether the
effect is a result of absorption within the Cloud
or of background effect on the estimates, it must
be eliminated in a study of the true dispersion
of the period-luminosity relation.

In order to estimate the systematic effect, the
field was divided into areas of 10°X10”. The
slope of 2.25 log P derived by Arp (1960a) for
the B period-luminosity curve was adopted, and
the quantity <m>+2.25 log P was computed
for each Cepheid. The mean values of this
quantity within the areas were then used to de-
rive a grid of corrections to the magnitudes.
The resulting corrections are given in the last
column of table 4.

Background effects may play a part in the
magnitude deviations thus derived, but absorp-
tion within the Small Cloud is probably the
major factor. The deviations are negligible in
the peripheral regions, and are greatest at the
southern end of the axis, and again in a much
smaller area at the northern end. They are not
largest only in the areas of greatest star den-
sity, and indeed suggest that a region of ap-

parently low star density on the southern side
of the main axis is actually produced by ab-
sorption. If the deviations are the result of
local absorption, the corrections here derived
will reduce the systematic errors, but consider-
able accidental errors will occur in regions
where the correction is large, and will increase
the apparent dispersion of the period-lumi-
nosity relation. We shall return to the question
in the general discussion.

Shapley and Nail (1955, p. 835) noted a simi-
lar effect and stated that “on the average, the
median magnitudes of the ten long-period Ceph-
eids in the wing lie above the mean period-
magnitude curve for the Small Cloud . . ., the
median magnitudes of the similar variables in
the Cloud’s nucleus lies below the curve. Per-
haps we have here an indication of more than
average dust in the main body of the Cloud.
... But ... a ‘background’ effect may con-
tribute uncertainty to the photometry.”

The Cepheid variables

Pertops aND LIGHT CURVES.—Results for the
Cepheid variables, arranged in order of period,
are summarized in table 4. Successive columns
give the HV number, the adopted period in
days, its logarithm, maximal magnitude cor-
rected for absorption (#/,), minimal magnitude
corrected for absorption (m,), amplitude in
magnitudes (A4), integrated mean magnitude
at mean intensity corrected for absorption
(<m>,), z, in magnitudes, interval from mini-
mum to maximum in terms of period (M-m),
the skewness(s), 4, and A4, in magnitudes, and
the adopted correction for absorption (dm),
(except for foreground stars). The parameters
used for describing the light curve are illus-
trated in figure 2: 4, and A, are the amplitudes
of the two schematic triangles into which the
light curves have been divided; z, is the inte-
grated mean magnitude at mean intensity of
the triangle whose amplitude is 4,, corrected
for absorption; and s is the skewness as defined
in the caption to fizure 2. We note that the
quantities (M-m) and s are independent of
amplitude; 4, and A, depend on both ampli-
tude and skewness. The tabulated values of
period are those that were used in computing
the mean light curves; most of them are given
to six figures, but only for the shortest periods
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are they significant to six figures. The actual
precision of the periods is discussed in connec-
tion with table 10.

The mean light curves of the intrinsic pe-

riodic variables, arranged in order of period,
are shown in figure 7. The magnitudes are
those of table 3, uncorrected for absorption.
Intrinsic variables with periods less than a day
are included in table 4 and in the figures, al-
though many, as discussed below, are fore-
ground stars. The curves that are drawn were
the basis of the parameters given in table 4.
The error of a plotted point is about *0m05,
and is largest at the faintest magnitudes.
Humps in the light curves were drawn with
special attention to the uncertainties of the
plotted points.
FreQUENCY oF pPERIODS.—The frequencies of pe-
riod and of logarithm of period for 1144 Ceph-
eids and 11 stars with periods less than a day
are shown in tables 5 and 6, and the data of table
6 are displayed in figure 1.

The well-known preponderance of short pe-
riods is enhanced by the results of our work,
which has almost doubled the number of known
Cepheids in the Small Cloud. More Cepheids
are in fact now known in that system than in
any other galaxy, including our own.

The general features of the distribution—the
high proportion of short periods and the pro-
nounced double maximum—are probably repre-
sentative of the Cepheid population of the
Small Cloud. Two systematic effects, however,
may be present: (1) the shortest periods may
be under-represented, and (2) there may be dis-
crimination against certain periods. No period
was found for 125 stars that were observed to
vary (see table 1) ; most of them are faint and
vary rapidly. If these stars include the same
proportion of Cepheids as the material in table
3, about 114 should be Cepheids. They would
probably increase the number of very short pe-
riods, and many are likely to belong to the
small-range group with (M-m)>0.3. Sec-
ondly, periods very near to an integral number
of days are difficult to establish, and Cepheids
or eclipsing stars with periods near a day (or
half a day) may well have been missed. Pos-
sibly the deficiency of four-day periods may be
a similar spurious effect. The first of these

VARIABLE STARS IN SMALL MAGELLANIC CLOUD 3

systematic tendencies has probably raised the
median period slightly above its true value.
The deviations from the period-luminosity rela-
tions for the shortest periods (see below) lead
to a similar conclusion; namely, the faintest
Cepheids are probably under-represented in our
results, and these also tend to be the Cepheids
of shortest period.

The observed median periods for Cepheids
with (M-m) less than and greater than 0.3 are
3.1 and 1.8 days, respectively ; median values of
log P for the same two groups are 0.49 and 0.26.
More than half the Cepheids have periods less
than three days, in sharp contrast to the galactic
sample, as discussed later.

The increased prominence of short periods
shown by our results is illustrated by a com-
parison with the data, based on 670 Cepheids in
the Small Cloud, and tabulated by Shapley and
Nail (1955). The percentages given by Shap-
ley and Nail have been converted to numbers of
stars, and allowances made for six stars not
covered by our measures (numbers indicated by
asterisks have been diminished by 1, 2, and 3,
respectively). We have excluded the 11 stars
with periods under a day, since Shapley and
Nail tabulated no such stars.

We have more than doubled the known Ceph-
eids with periods under two days; the propor-
tional increase becomes small for the longest
periods. Some Cepheids of short period prob-
ably remain to be discovered, whereas the lists
are more nearly complete for periods over ten
days. Of the variables discovered during the
present study, over 30 percent have periods
under two days, even greater than the 28 per-
cent in table 7, again suggesting that further
discoveries will enhance the contribution of
shorter periods.

FREQUENCY OF APPARENT MAGNITUDES.—The
frequency of <m>, is given in table 8 for
1151 Cepheids (mean magnitude could not be
determined for the other four stars). The
greatest number are in the magnitude interval
164 to 17.2. The decline for fainter magni-
tudes is real, but would probably be less abrupt
if the material for short periods were more com-
plete. Like the period frequency, the magni-
tude frequency has a double maximum. Our
solution for the period-luminosity relation with
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the corresponding material would lead to mag-
nitudes 17.15 and 16.62 for the two maxima in
the frequency of log P (table 6). Table 8
shows maxima near these magnitudes, which
suggests that the double feature is real in both
cases.

THE PERIOD-LUMINOSITY RELATION.—Figure 6
shows the relation of logarithm of period to
<m>,and @,. Stars with (M-m) greater than
0.3 are shown by circles. The choice of stars
with periods less than a day in these diagrams
is discussed below.

Least-squares solutions for the period-lumi-
nosity relation are summarized in table 9. Only
stars with periods over a day were included in
the solutions, and the three W Virginis stars
were omitted.

Solution 1 represents all the material, except
for a few stars whose periods were determined
after it had been made; these stars would not
change the results appreciably. It is the most
general solution. However, we know that the
group of Cepheids with “symmetrical” or
“sinusoidal” light curves are systematically
brighter than the rest, as discussed by Payne-
Gaposchkin and Gaposchkin (1964). These
stars are confined to the shorter periods, and
their effect is to raise the zero point and de-
crease the slope. Again, we consider that the
data on the fainter Cepheids are incomplete.
If there are more undiscovered faint Cepheids
at shorter rather than at longer periods, the
effect will again be to raise the zero point and
decrease the slope.

Solution 2 omits the stars with (#-m) greater
than 0.3. TUnless the effect of the systematic
omission of faint Cepheids is large, this is prob-
ably the most representative solution for the
stars of the Small Cloud. Solution 3 repre-
sents the stars with (M-m) >0.3 that were
omitted from solution 2. The zero point is
brighter by 0751 in <m>,, by 048 in z,. The
difference in slope between solutions 2 and 8
may not be significant.

Figure 6 provides graphical evidence that the
period-luminosity relation is not linear, and this
effect is not produced by the group of stars with
symmetrical light curves. In order to illustrate
the departure from linearity, solutions 4 to 7 on
table 9 were carried out for different ranges of

period. Stars with values of (M-m) >0.3 were
not included in these solutions. Solution 4, for
periods less than eight days, shows a brighter
zero point and a smaller slope than solution 1
(all the material) or solution 2 (all the mate-
rial except that for “symmetrical” light curves).
It is perhaps affected by incompleteness for
faint stars of short period. Solution 5, which
excludes periods less than three and greater
than eight days, gives a fainter zero point and
a greater slope than solution 4.

Solutions 6 and 7, which represent stars with
periods longer than 8 and 16 days, respectively,
show progressively fainter zero points and pro-
gressively greater slopes. Comparison of solu-
tions 4, 5, 6, and 7 suggests that the zero point
is fainter and the slope greater, when the period
is longer. The implications of these differences
will be discussed later.

Solution 8 represents all stars with ampli-
tudes greater than 1™25; its results are close to
those for solution 2.

Arp (1960a) has determined period-luminos-
ity curves that are strictly comparable to ours,
since they are referred to the same photographic
standards:

Solution Zero point Scale

Arp (69 stars) 17.704+0.10 —2.234+0.10
Solution 2

(<m>,) 17.63+0.01 —2.13+0.02
Arp, large A

(24 stars) 17.454+0.10 —2.25+0.10
Solution 8

(<m>,) 17.58+0.03 —2.12+0.04

The larger value for the scale and the fainter
zero point obtained by Arp in each case are to be
understood by the fact that his stars were chosen
to be uniformly distributed in period, whereas
the shorter periods preponderate in our material
and dominate our solutions. Actually our solu-
tion 6 is the closest to that obtained by Arp. The
value =0.10 given by Arp are “estimated uncer-
tainties,” whereas we have tabulated the prob-
able errors derived from our least-squares
solutions.

The distribution of the residuals for the least-
squares solutions can now be used to examine the
dispersion of the period-luminosity relation.
Table 10 assembles the data for solution 2
(<m>, and @,), solution 5 ( <m>,), and solu-
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tion 8 (<m>,). Columns 2 through 5 give the
number of residuals in intervals of a tenth of a
magnitude expressed as percentages for com-
parison. The last four columns give the num-
bers of residuals algebraically greater than
values with increments of a tenth of a mag-
nitude, again reduced to percentages for
comparison.

The distribution of all four sets of residuals
is approximately Gaussian. The semi-inter-
quartile ranges for all four sets are =022, and
they do not differ sensibly; we may therefore
regard this value as representative for the dis-
persion of the magnitude residuals from the
period-luminosity curve.

Possible contributors to the dispersion are (1)
intrinsic spread of magnitude at a given
period; (2) accidental error of magnitudes; (3)
dispersion of absorption in the line of sight (we
assume that our corrections for absorption have
removed systematic effects due to this cause) ;
(4) effect of undetected companions (probably
minor) ; and (5) erroneous periods (probably
not numerous). Of these contributors, no. (2)
may be expected to show a Gaussian distribu-
tion. No. (4) would have a systematic effect,
which, if large, would produce a skew distribu-
tion which is not observed; the fact that the
residuals from solution 8 (large amplitudes),
which can scarcely be affected by unseen com-
panions, show a similar distribution to the others
indicates that this factor is not important. No.
(3) is the most serious obstacle to deriving the
true dispersion, for there is no reason to expect
it to have a Gaussian distribution, and if our
average absorption corrections are of the right
order, it may produce some very large residuals.
There is no reason to expect that no. (1), the
intrinsic spread of magnitude at a given period
will be Gaussian, or indeed to predict any form
for it. The only statement that can be made at
the present stage is that the observed frequency
of the residuals is not compatible with a uni-
formly filled square distribution. We shall
return to this question in the section devoted to
discussion.

TeST FOR CONSTANCY OF PERIOD.—The material
for many stars extends over more than 60 years,
and provides a long baseline for the study of
possible changes of period. Arp (1960a) has
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suggested, from a comparison between periods
derived by him for 69 stars and the periods pre-
viously published for these stars at Harvard,
that appreciable secular changes can be detected.
An investigation of possible changes of period
was therefore undertaken.

Times of maximum were discussed for each
star chosen; the average interval between first
and last maximum was 16,000 days, and about 25
maxima were used for each star. Phases of
these maxima were calculated with the period
that had been derived, and were expressed in the
form:

¢=Decimal part of (Observed J.D.-
2,400,000) /P,

where ¢ is the phase of maximum and P the
period in days. If the adopted period is cor-
rect, ¢ will show no progression with time; if
the period is too short, ¢ will increase steadily,
and if the period is too long, it will decrease.
If the period is undergoing secular change, a
plot of ¢ against time will be a parabola, con-
cave upward if the period is shortening, down-
ward if it is lengthening. Accordingly, two
least-squares solutions were made for the slope
of the line defined by ¢ as a function of time.
The first was of the form :

¢=ZFz,+ constant,

where ¢ is the phase as defined above and £ is
the number of elapsed periods counted from an
arbitrary zero. If @, is significant, the period
requires correction. The second solution was of
the form:

¢=FE2,+ E*y+ constant,

which fits the points to a parabola. If y is sig-
nificant, there is a secular change in the period.

The solution was programmed for the IBM
1620 computer by Barbara Russey and William
Russey. All the stars contained in Arp’s paper
were included, and also most of those with
periods over 20 days. The results are sum-
marized in table 11. The probable errors are
entered under all the values in the table, except
those for Arp’s periods, which are his “estimated
errors.”

Table 11 contains data for 86 stars. The
periods of 38 of them agree with those derived
by Arp within his estimated error, and there is
no evidence of change of period ; these will not
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be discussed further. For 21 stars the difference
between our period and Arp’s is greater than
his estimated error. We show below that 20
of these stars have sensibly constant periods,
and one shows secular change. For 24 stars not
on Arp’s list the periods are found to be sensi-
bly constant. Three stars in the table (HV 817,
1967, and 837) have irregular variations of
period ; below we add the data for the similar
star HV 1553. Three stars (HV 1695, 834, and
829) show secular changes of period, two in-
creasing and one decreasing.

Stars with constant periods—Arp (1960a,
p- 443) considered that “about 30% of the
Cepheids [with log 2 less than about 1.2] show
period changes which are large compared to
their errors of determination. . . . Most of the
significant period changes are negative.” He
concluded that a star has a changing period if
the period derived by him from his observations
(covering two observing seasons) differed from
the previousiy published Harvard period by
more than his own estimated uncertainty. The
evidence for changing periods of these stars will
now be examined in detail. We note that our
improved periods have removed the discrep-
ancy for HV 1981, 1898, 1793, 1966, 1934, and
1903, but that our periods for HV 2046, 2000,
1994, 11193, and 847 now differ from Arp’s by
more than his estimated uncertainty.

The tabulations that follow (tables 12
through 31) give the observed times of maxi-
mum (single observations) for each of 20 stars;
HYV 1695 was found to display a secular change
of period (see below). Succeeding columns
give the number of epochs elapsed since the first
normal maximum, so adjusted that the sum of
the residuals is zero and that the epoch number
for this maximum is zero. The first such
column is calculated with our adopted period.
If table 11 indicated a sensible correction to this
period, a second column gives the same quan-
tity calculated with a corrected period P’. The
last column gives the number of periods elapsed
since the first normal maximum, caleulated with
Arp’s period. If the period used is correct and
constant, the number of elapsed epochs should
be sensibly integral.

The tabulations show that the epoch counts
for P 'and P’ are sensibly integral, and that P’

(when used) gives a slightly better representa-
tion of the maxima. The elapsed epochs calcu-
lated with Arp’s period are in no case uniformly
integral.

The last entries for each star are the maxi-
ma taken from Arp’s paper (marked with as-
terisks). These maxima were not used by us in
deriving the periods of the stars, and the fact
that in every case they too lead to sensibly in-
tegral epoch counts shows that our period repre-
sents these later maxima as well as those used
in deriving it. There is no question of an abrupt
change of period between the Harvard observa-
tions and Arp’s. For HV 848 it is probable that
Arp made no observations exactly at maximum,
as may be seen by comparing our light curve
with his. We therefore conclude that the ex-
isting data furnish no evidence for sensible
changes in the periods of these 20 stars. The
other 38 stars, which show no sensible difference
between the derived periods, give similar data
which we need not reproduce.

Arp determined his periods over a short time
interval, and it would not be expected that they
would represent the maxima accurately over a
much longer interval. His estimated errors per-
mit us to calculate the limits within which his
periods would be valid. The possible difference
in epoch count is equal to the product of the
number of epochs and the estimated error, di-
vided by the period. The comparison with ob-
servation is given in table 32. Successive
columns give the name of the star, Arp’s period,
his estimated error, the number of epochs cov-
ered by the observations, the difference between
the epoch counts with our period and his, and
the limiting difference as defined above. We
conclude that Arp overestimated the accuracy
of his periods, on the average, by a factor of
about 2.2.

Stars with irregular changes of period.—
When the observations could not be represented
by a constant period (as judged both by the re-
sults in table 11 and by graphical methods),
they were combined to obtain normal maxima
for intervals of about a thousand days. Tables
33 and 35 give the data for HV 1553 and HV
817, whose periods appear to change abruptly,
remaining constant before and after the change.
Successive columns give the normal maximum,






