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Variable Stars in the Small Magellanic Cloud1
Cecilia Payne-Gaposchkin2 and Sergei Gaposchkin3
Sixty years ago Miss Leavitt (1906) noted that the region of the Small Magellanic Cloud is exceedingly 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 number of published variables up to 1566. The present paper contains the results of a systematic 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 discovered variables, arranged in order of HV number. Successive columns give the HV number, the x and y coordinates (seconds of arc on Miss Leavitt’s system), a coded list of references, 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 references cover determinations of periods and magnitudes, but no attempt is made to cover all later mention of the stars. Most of the variables 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 variability verified for about half of the remainder. Most of the others are not observed to vary appreciably 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.
1 This work was carried out under a National Science Foundation Contract NSF-G22496.
2 Professor of Astronomy, Harvard College Observatory, Cambridge, Mass.
3 Astronomer, Harvard College Observatory, Cambridge, Mass.
The photographic material comprises over 500 plates taken with the 24-inch Bruce refractor 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 estimated 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 examined 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 curves were determined for all the measures by means of a program written by E. M. Gaposchkin 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 magnitudes. 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 coordinates, the previously published period (if any), the period found from the present material, Julian Day of normal maximum, observed maximum (M), minimum (m), and integrated mean magnitudes
range (A), mean magnitude reduced to mean intensity (<m>), and the number of positive observations. 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'×10'. 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 derive 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 absorption 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 density, and indeed suggest that a region of apparently low star density on the southern side of the main axis is actually produced by absorption. If the deviations are the result of local absorption, the corrections here derived will reduce the systematic errors, but considerable accidental errors will occur in regions where the correction is large, and will increase the apparent dispersion of the period-luminosity relation. We shall return to the question in the general discussion.
Shapley and Nail (1955, p. 835) noted a similar effect and stated that “on the average, the median magnitudes of the ten long-period Cepheids 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. Perhaps we have here an indication of more than average dust in the main body of the Cloud…. But … a ‘background’ effect may contribute uncertainty to the photometry.”
PERIODS 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 corrected for absorption (M0), minimal magnitude corrected for absorption (m0), amplitude in magnitudes (A), integrated mean magnitude at mean intensity corrected for absorption (<m>0), x0 in magnitudes, interval from minimum to maximum in terms of period (M-m), the skewness(s), A1 and A2 in magnitudes, and the adopted correction for absorption (dm), (except for foreground stars). The parameters used for describing the light curve are illustrated in figure 2: A1 and A2 are the amplitudes of the two schematic triangles into which the light curves have been divided; x0 is the integrated mean magnitude at mean intensity of the triangle whose amplitude is A1, corrected for absorption; and s is the skewness as defined in the caption to figure 2. We note that the quantities (M-m) and s are independent of amplitude; A1 and A2 depend on both amplitude 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 are they significant to six figures. The actual precision of the periods is discussed in connection with table 10.
The mean light curves of the intrinsic periodic 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, although many, as discussed below, are foreground stars. The curves that are drawn were the basis of the parameters given in table 4. The error of a plotted point is about
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 PERIODS.—The frequencies of period and of logarithm of period for 1144 Cepheids 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 periods 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 pronounced double maximum—are probably representative 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 discrimination 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 periods, and many are likely to belong to the small-range group with (M-m) >0.3. Secondly, 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. Possibly the deficiency of four-day periods may be a similar spurious effect. The first of these systematic tendencies has probably raised the median period slightly above its true value. The deviations from the period-luminosity relations 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 comparison with the data, based on 670 Cepheids in the Small Cloud, and tabulated by Shapley and Nail (1955). The percentages given by Shapley 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 Cepheids with periods under two days; the proportional increase becomes small for the longest periods. Some Cepheids of short period probably 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 percent in table 7, again suggesting that further discoveries will enhance the contribution of shorter periods.
FREQUENCY OF APPARENT MAGNITUDES.—The frequency of <m>0 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 16.4 to 17.2. The decline for fainter magnitudes is real, but would probably be less abrupt if the material for short periods were more complete. Like the period frequency, the magnitude frequency has a double maximum. Our solution for the period-luminosity relation with the corresponding material would lead to magnitudes 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>0 and x0. 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-luminosity 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 decrease 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-m) greater than 0.3. Unless the effect of the systematic omission of faint Cepheids is large, this is probably the most representative solution for the stars of the Small Cloud. Solution 3 represents the stars with (M-m) >0.3 that were omitted from solution 2. The zero point is brighter by
in <m>0, by
in x0. The difference in slope between solutions 2 and 3 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 material 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 progressively greater slopes. Comparison of solutions 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 amplitudes greater than
; its results are close to those for solution 2.
Arp (1960a) has determined period-luminosity curves that are strictly comparable to ours, since they are referred to the same photographic standards:

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 solution 6 is the closest to that obtained by Arp. The value ±0.10 given by Arp are “estimated uncertainties,” whereas we have tabulated the probable 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>0 and x0), solution 5 (<m>0), and solution 8 (<m>0). Columns 2 through 5 give the number of residuals in intervals of a tenth of a magnitude expressed as percentages for comparison. The last four columns give the numbers of residuals algebraically greater than values with increments of a tenth of a magnitude, 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
and they do not differ sensibly; we may therefore regard this value as representative for the dispersion 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 distribution. No. (4) would have a systematic effect, which, if large, would produce a skew distribution which is not observed; the fact that the residuals from solution 8 (large amplitudes), which can scarcely be affected by unseen companions, 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 uniformly 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 suggested, from a comparison between periods derived by him for 69 stars and the periods previously 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:
φ = Decimal part of (Observed J.D.-2,400,000)/P,
where φ is the phase of maximum and P the period in days. If the adopted period is correct, φ will show no progression with time; if the period is too short, φ will increase steadily, and if the period is too long, it will decrease. If the period is undergoing secular change, a plot of φ against time will be a parabola, concave upward if the period is shortening, downward if it is lengthening. Accordingly, two least-squares solutions were made for the slope of the line defined by φ as a function of time. The first was of the form:
φ=Ex1 + constant,
where φ is the phase as defined above and E is the number of elapsed periods counted from an arbitrary zero. If x1 is significant, the period requires correction. The second solution was of the form:
φ=Ex2 + E2y+ constant,
which fits the points to a parabola. If y is significant, 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 summarized 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 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 sensibly 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 increasing and one decreasing.
Stars with constant periods.—Arp (1960a, p. 443) considered that “about 30% of the Cepheids [with log P 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 previously 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 discrepancy 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 maximum (single observations) for each of 20 stars; HV 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 quantity calculated with a corrected period P'. The last column gives the number of periods elapsed since the first normal maximum, calculated 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 representation of the maxima. The elapsed epochs calculated with Arp’s period are in no case uniformly integral.
The last entries for each star are the maxima taken from Arp’s paper (marked with asterisks). 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 integral epoch counts shows that our period represents these later maxima as well as those used in deriving it. There is no question of an abrupt change of period between the Harvard observations 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 existing 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 permit 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, divided by the period. The comparison with observation is given in table 32. Successive columns give the name of the star, Arp’s period, his estimated error, the number of epochs covered 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 results 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, the epoch count referred to the first date, and the residuals (O-C) calculated with the periods at the heads of the columns. The first period given is an adopted average. The other periods are those found to represent the maxima over a certain range of epochs; the corresponding residuals are underlined. Two periods are given for HV 1553, four for HV 817. For HV 1553 the period was sensibly constant for nearly 900 epochs; for HV 817 the interval is nearer to 200 epochs.
The behavior of these stars recalls that of HV 853, in the Large Magellanic Cloud, which has been shown by Janes (1964) to change period erratically, swinging back and forth between values that differ by about ten percent, but the proportional changes are much smaller.
Tables 34 and 36 give the data for HV 837 and HV 1967, whose periods appear to vary erratically. Three trial periods are given to obtain the residuals for HV 837, but none of them is valid for an appreciable interval; there is a sharp break between epochs 183 and 265, suggesting a shortened period for a very short time. For HV 1967 the adopted period is chosen to give 918 epochs between the first and last normal maximum. Here again it is not possible to represent any interval satisfactorily by a constant period. The number of epochs, counted from the first normal maximum with Arp’s period, is given for comparison. It would strain the data too far to represent the maxima in terms of two successive, and different, secular changes of period, both of which would represent decreases.
Secular changes of period.—Three stars whose maxima suggest secular changes of period are shown in tables 37 to 39. The one common to our investigation and Arp’s is HV 1695, for which he gave a period of
The average period for the last tabulated interval is
outside the limits of Arp’s estimated error; the period is decreasing, as he thought it was. The period of HV 834 is increasing, that of H V 829 decreasing. We note that the values of the parabolic terms for these stars are not the same as those given in table 11. The stars that seemed to have appreciable parabolic terms were chosen for intensified study; additional maxima were obtained for early dates, and normal maxima were derived, instead of the individual observations at maximum used to derive the results of table 11.
The distribution of changing periods among the stars investigated is as follows:

It is difficult to discern a pattern in these results. Observable changes are evidently confined to the longer periods, although equally large proportional changes would be more easily detected for stars of shorter period, since the change in phase of maximum is proportional to the square of the number of elapsed epochs.
In the section devoted to discussion we conclude that the duration of the Cepheid stage is of the order of 106 years (3.6×106 epochs) for stars with period 100 days. It seems outside the bounds of possibility that the deduced secular changes of period could persist for this interval.
The sporadic occurrence of sensible changes of period among the stars investigated suggests that changes of period may be an evanescent phenomenon, may operate in either direction, and perhaps become progressively more probable the longer the period.
STARS WITH PERIODS LESS THAN ONE DAY.—Table 3 includes 42 stars with periods under a day. Some of these are certainly RR Lyrae stars of the foreground, but some may be Cloud members. In particular, it seems likely that some stars with large values of (M-m), nearly symmetrical light curves, and small ranges, belong to the similar group that has been shown to lie about half a magnitude above the period-luminosity curve defined by the rest of the Cepheids.
On the basis of solutions 2 and 3 of table 9 we select the stars whose magnitudes show small deviations from the corresponding period-luminosity relation. On this basis the 11 stars of table 40 may be members of the Small Cloud.
Dartayet and Dessy (1952) published a list of faint variables in the Small Cloud, of which three had periods less than a day, and expressed the opinion that these stars are true members of the system. In a later publication, Dessy (1959) tabulates 11 such stars, two Harvard variables and nine new discoveries. Most of these stars are too faint for effective study on our plates, but they were examined on some of the best plates for comparison with the Cordoba results. The data are given in table 41, which includes four Cordoba variables of longer period.
The five stars CV 240, CV 270, CV 216, CV 152, and CV 233 are definitely members of the group of Cepheids with periods under a day; we may include CV 101 and CV 206 which, while variable, could not be analyzed by us because of close companions. We are unable to verify the periods published by Dartayet and Dessy (1952) for CV 277, HV 11174, HV 12089, and CV 106; periods greater than a day are given for HV 11174 and HV 12089 in tables 3 and 4. Shapley (1953) stated that he had not verified the periods given by the Cordoba workers for CV 106, CV 233, and CV 270; we have, however, verified the two latter. The periods for all the stars with periods over a day were verified.
When considered in the same way as the group of stars in table 40, six of the short-period Cepheids may be regarded as members of the Cloud; the seventh (CV 152) would, on this criterion, be a foreground star.
Thirty-one stars in table 4 and one in table 41 are to be considered as foreground RR Lyrae stars. The two variables HV 810 and HV 814 are known to be associated with the globular cluster 47 Tucanae; HV 809, of similar brightness but further from the cluster, may also be associated with it. Variable no. 12 of NGC 362 is a known member of that cluster. There remain 28 possible field RR Lyrae stars. Their distribution in apparent magnitude (<m>, since absorption should not affect foreground stars) is as follows: [15m ]16m, 5; [16m] 17m, 19; [17m,4.
The area covered by our plates is about 43 square degrees; the galactic latitude is about 45°. A rough comparison may be made with the diagram given by Kinman and Wirtanen (1963) for the logarithm of the number of RR Lyrae stars per unit magnitude in 80 square degrees, reduced to the galactic pole. Our numbers correspond to 52 stars brighter than magnitude 15 in 80 square degrees; Kinman and Wirtanen’s diagram implies about 35 RR Lyrae stars brighter than magnitude 17 toward the galactic pole. The numbers are not incompatible. Seventeen of the variables of table 3 have asymmetric light curves; ten have symmetrical light curves; some of the latter may belong to the disk population.
The tentative separation of members and nonmembers must be examined by a comparison of colors, proper motions, and, if available, radial velocities. The distribution of the stars of table 11 and the relevant stars of table 12 over the face of the Small Cloud conforms closely to that of stars with periods between one and two days. Some of the brighter stars with periods less than a day also fall within the obvious limits of the Cloud surface, although many are outside them.
RELATION BETWEEN PERIOD AND LIGHT CURVE.— The relation between form of light curve and period has been discussed elsewhere by Payne-Gaposchkin and Gaposchkin (1964), and we confine ourselves to a summary.
Hertzsprung (1926) pointed out that galactic Cepheids display a progression of form of light curve with period. We find a similar progression among the Cepheids of the Small Cloud.
The parameters used to describe the light curve have already been defined (fig. 2). The symmetrical light curves of small range are separated from the rest on the basis of the bi modal distribution of (M-m). Stars with (M-m) greater than 0.30 are assigned to the former group; the zero point of their period-luminosity relation is brighter by about half a magnitude than that for the remainder of the stars (table 9).
In the paper just cited it is shown that the parameters A, (M-m), s, A1, A2, the rate of brightening (magnitudes per day), and Arp’s “rate of rise” (phase interval for a rise of one magnitude) change systematically with period. The changes are reflected in progressive changes in the form of the light curve, similar to those described by Hertzsprung for galactic Cepheids.
The parameters of the light curve are also related to deviations from the mean period-luminosity curve. For periods less than ten days, the faintest stars of given period have the smallest amplitudes, as already noted by Arp (1960a). For stars with log P less than 0.6, skewness and (M-m) are not sensibly related to luminosity at a given period. For log P between 0.6 and 0.9, the least luminous stars of given period have the smallest skewness and the largest (M-m). Therefore, the lines of constant skewness (which define light curves of similar shape) make an angle with the average period-luminosity curve (fig. 3). Thus the least luminous stars of given period have light curves that resemble those of more luminous stars of shorter period. Attention has already been called by Payne-Gaposchkin (1959, 1961) to the slant of the domains of similar light curves in the period-luminosity plane.
THE W VIRGINIS STARS.—Three stars in table 4 are marked as W Virginis stars. They fall far below the period-luminosity relation, their light curves are characteristic of the class, and they show unusually great scatter of the magnitudes about the mean curve. Data are summarized in table 42. The column headed dm gives the deviation from solution 7 for the period-luminosity curve. The mean of the three values places the stars
from the curve for the other Cepheids. We note that Baade and Swope (1963) find that four “population II” variables in Messier 31 fall photographically 2.00 magnitudes below the period-luminosity relation.
The period of
quoted for HV 12901 in table 3 was an unpublished Harvard estimate. No period has previously been published for HV 1828. Although HV 206 is very close to the globular cluster NGC 362, it is regarded by Sawyer (1955) as probably a member of the Small Cloud, together with the nearby HV 212 and HV 214. Sawyer (1931, p. 6) noted “it is impossible to tell on the basis of the infrequent early observations [of HV 206] whether the period is changing or whether it actually has more irregularities than the later series show.” This remark, and the form of the light curve, are in harmony with the behavior of a “population II” variable.
The star discussed by Tifft (1963) as a population II variable near NGC 121 in the halo of the Small Cloud has a period of 1.430 days; Tifft places its <B> magnitude
below the period-luminosity curve; the deviation from the line defined by our solution 2 (table 9) is
It certainly lies outside the domain of the normal Cepheids.
Table 43 gives data for 24 long-period variables, of which 23 are probably members of the Cloud. In the foreground is HV 833 (and also HV 860 and HV 864, outside our field and not measured). Eleven (marked with asterisks) were listed as long-period variables and members of the Cloud by Shapley and Nail (1951b); five (marked with two asterisks) were described by them as irregular or semiregular. The stars HV 1644, HV 1963, and HV 11401, though listed here with the long-period variables, are less regular in behavior than the rest, and should perhaps be put with the semiregular variables of the next section.
The median period is over 400 days, and there is a marked relation between period and brightness. For a period of 700 days the maximal magnitude is nearly as bright as 13, and at under 300 days it falls almost to magnitude 17. The progression of brightness with period is borne out by three variables (not studied by us) discovered and measured by Dartayet and Dessy (1952). Maximal magnitudes for CV 7, CV 12, and CV 37 (periods 279, 200:, and 245 days, respectively) are given as 17.5, 17.5, and 17.1 on the “revised” Harvard scale; on the scale used by us they would be at least half a magnitude fainter. Three stars, all with periods under 300 days, are thus much fainter at maximum than the 17th magnitude.
Galactic long-period variables are not known to display a period-luminosity relation; the faintest long-period variables in the Small Cloud seem to be comparable to the brightest galactic specimens.
Table 44 gives the data for 61 irregular variables, of which 21 (marked with asterisks) were designated as irregular or semiregular by Shapley and Nail (1951b). All are probably members of the Small Cloud. The distribution of apparent magnitude at maximum is as follows: [12]13, 4; [13]14, 9; [14]15, 14; [15, 14; [15]16, 12; [16]17, 21; [17, 1.
The period-luminosity curve was first established by studies of the Magellanic Clouds, and the Small Cloud still remains the major source of data for this important relationship. There is a growing conviction that real differences of slope occur in different systems. We have expressed the belief that the relationship in the Small Cloud is not linear. It is clearly important to examine the assumptions that underlie the specification of a period-luminosity relation, and to define such a relation without ambiguity.
If differences of slope exist, it is meaningless to express the zero point as the magnitude at which an extrapolated linear relation reaches zero in log P, corresponding to a period of 1.00 day. No known stellar system contains many Cepheids at this period, and their scarcity in our own galaxy is notorious. To specifiy the relation it would be better to define the zero point by the magnitude attained by log P in the middle of the range of periods used—perhaps at the median value. The period-luminosity law would then have the form:
m=m0 -x log (P/Pmed).
The same procedure could be used when, as in table 10, the relation is found to differ over different ranges of period.
Theoretical or semitheoretical period-luminosity curves as given, for example, by Cox and Whitney (1958) and by Cox (1959) suggest that both zero point and slope can be expected to differ for stars that differ in composition. On the other hand, stars of different ages may very well differ considerably in composition, especially in systems where star production has been active or intermittent. There is no reason to assume that all systems have been alike in history.
The periods of the Cepheids in the Small Cloud range from about a day to over 200 days, and their brightness from fainter than the 17th to brighter than the 12th magnitude. The bright Cepheids of longest period must be very young compared to the faintest, even though the mass-luminosity relation may differ with possible differences of composition. Cepheids of the same age can occupy only a very limited section of the period-luminosity curve.
If the stellar system in which they occur has been an “active” one, so that the youngest stars have undergone appreciable enrichment by heavy elements, the Cepheids of longest period will differ physically from the older, fainter Cepheids. The sections of the period-luminosity curve that the two groups of stars define will not necessarily be comparable. If there are local differences of composition, even Cepheids of the same period may not be physically identical, though they may be coeval. It would not therefore be surprising if systems that have evidently had different histories (e.g., Messier 31, the Large Cloud, the Small Cloud, and IC 1613) displayed period-luminosity curves that differed in zero point, slope, dispersion, and linearity. In fact, the idea of a period-luminosity curve must be abandoned.
On the basis of the known Cepheids in galactic clusters, an adopted mass-luminosity relation for classical Cepheids, and an age of 75 million years for a five-day Cepheid, Young (1961) has derived the following formula for the age of a Cepheid, T, in millions of years:
log T = –0.714 log P+2.57,
where T is the interval since the star first reached the main sequence. Young considers that the age may be uncertain by a factor of two (or log T by ±0.3). On this basis the ages of the Cepheids of the Small Cloud range from about 4×108 years to about ten million years.
The method used by Young assumes that the age of a Cepheid is a constant fraction of the age of the parent main sequence star, that the evolutionary tracks do not cross, and that the change in bolometric magnitude between the main sequence and the Cepheid region is the same for all stars (i.e., that the evolutionary tracks have the same slope in the bolometric HR plane).
A very rough test of the first assumption may be made by comparing the observed distribution of the luminosities of Cepheids (table 8) with the counts of stars in the Small Cloud published by de Vaucouleurs (1955). He estimates that there are 10,000 stars in the system brighter than
(old Harvard scale), and about 500 brighter than
An approximate reduction to the scale used in the present paper changes the fainter limit to
the brighter limit was verified photoelectrically by de Vaucouleurs. Our tables show 464 Cepheids brighter than
and 22 brighter than
or 4.6 percent and 4.4 percent, respectively, of the total counts.
From Young’s formula and the period-luminosity relation, the Cepheids brighter than
and
were formed, respectively, less than 3.5 × 107 and less than 1.61 ×108 years ago. If all stars spend the same interval as Cepheids, the observed percentages should be nearly in the ratio of these times. If, on the other hand, all stars spend the same fraction of their lives as Cepheids, the percentages should be nearly equal, which they are. We conclude that the data are consistent with the second supposition, the one adopted by Young. The difference between the two percentages does not exceed the uncertainty introduced by the approximate correction applied to the scale of magnitudes.
The true value of the percentage must be somewhat greater than 4.6, since our list of Cepheids down to
is certainly not complete. If we estimate that the number should be increased by ten percent, it would follow that of the stars brighter than a given magnitude in the Small Cloud about five percent are Cepheids.
The counts of stars by de Vaucouleurs do not, however, represent the luminosity function of the main sequence stars that can become Cepheids; they include stars of all colors and stages of evolution. Unless the existing color-magnitude diagrams are freed of foreground stars, it is difficult to estimate the correction that should be made to our percentages in order to obtain a figure for the actual duration of the Cepheid stage.
The composite color-magnitude diagram given by Arp (1961) shows stars brighter than the 16th magnitude distributed rather uniformly in (B-V) from –0.4 to +1.6. If these diagrams were taken as representative of the population of the Cloud as a whole, if the Cepheid gap has a width in (B-V) of
as suggested by Arp (1960a), and if a star moved uniformly and horizontally in the color-luminosity plane, the correcting factor would be about 2.0/0.3≈6.7. However, this factor is certainly too large, even if a star moves uniformly across the plane. Westerlund (1964) has shown that, at least in the wing, there are few stars of intermediate color, and while the true color-magnitude arrays probably differ in different regions it is likely that when they have been cleared of foreground stars, as was done by Woolley (1963) for the Large Cloud, many stars of intermediate color could be eliminated. A rough estimate suggests that the correcting factor should be about three, i.e., that about half the stars enumerated by de Vaucouleurs (1955) (after statistical correction for foreground) are still on the main sequence side of the Cepheid gap.
From the above rough estimate we expect that the Cepheid stage occupies about 15 percent of the previous lifetime of a star that becomes a Cepheid. The duration thus estimated ranges from 5.5 ×107 years for a period of a day through 1.1 ×107 years at ten days, and 2.1 ×106 years at 100 days.
An attempt was made by Jaschek and Ringuelet (1959) to estimate the duration of the Cepheid stage for galactic Cepheids. By comparing an estimated number of Cepheids in the Galaxy with an estimated number of parent main-sequence stars, they arrived, on roughly similar lines to the preceding, at an estimate of 2.5 ×106 years for the mean life of a Cepheid. They recognized that the lifetime of a Cepheid will be dependent on its brightness, but made no allowance for the factor. From their estimated numbers, the mean life of a Cepheid = {(No. of Cepheids)/(No. of B stars)} × (Mean life of a B star) = {(3×104)/(1.8×106)}×(1.5×108)=2.5×106 years. All the data used are estimates and refer to large groups of stars, and it is difficult to find a basis of comparison with our data. We may perhaps consider that the “mean lifetime” refers to a galactic Cepheid of median period, i.e., about five days. The duration of the Cepheid stage for such a star in the Small Cloud would be 1.8 ×107 years, differing by an order of magnitude from the result of Jaschek and Ringuelet. The difference is simply the result of a difference in the ratio of the adopted number of Cepheids to the adopted number of parent B stars: 1.7 percent for the Galaxy, 15 percent for the Small Cloud.
In the Small Cloud we are on surer ground; the deduced ratio may be too large, but it can scarcely be smaller than five percent, which still differs sensibly from the number obtained for the Galaxy. The number of galactic Cepheids may be greater than 104, as estimated by Parenago (1953), but it is not likely to be as great as 105. Both the numbers of Cepheids and of B stars in the Galaxy certainly differ with location, and perhaps it is not possible to choose a significant average figure. There remains the possibility that the lifetime of a Small Cloud Cepheid is a greater fraction of its age than that of a galactic Cepheid. In his discussion of the luminosity function of the Small Cloud, Arp (1961, p. 818) suggests that “it may … be that the evolution of the initial main sequence is slower and that the evolutionary depletion of the initial main sequence is less in the Cloud.” If this were so, the formula given by Young (1961) would be inapplicable to the Cepheids of the Small Cloud, and all the ages would be multiplied by a factor. However, unless the relative rates of development from the main sequence and across the Cepheid gap were also different from one another, the fraction of its lifetime occupied by a star’s Cepheid stage would not be affected, and the discrepancy would still remain.
A group of strictly coeval Cepheids would show some dispersion in period because of the duration of the Cepheid stage. An idea of this dispersion can be obtained from the group of Cepheids in NGC 1866 of the Large Cloud, described by Shapley and Nail (1951a). Excluding the 12-day Cepheid HV 12186, the ratio of the largest to smallest period is 5.08/2.63 = 1.93; for stars within 10' of the cluster center it is 3.52/2.50 = 1.41. If we assume that the Cepheids of shortest period in the cluster have just begun to vary, while those of longest period are at the end of their careers, and that all are strictly coeval, we can use Young’s formula to find the duration of the Cepheid stage from the difference in their ages. For period
the interval is 8×107 years, or 52 percent of the total age; for period
(stars within 10' of the center) the corresponding figures are 4×107 years and 26 percent.
But even within NGC 1866 the stars may not be strictly coeval. Herbig (1962) has pointed out the possibility that the members of some star clusters may have a considerable “spread-in-ages.” But with our present data it is difficult to know whether the necessary conditions exist in NGC 1866. If they do, both percentages obtained above are too large; the second is probably nearer to the truth, as it applies to the central region of the cluster.
It should be noted that a group of coeval Cepheids will not have the same mean period-luminosity relation as a group of Cepheids with a variety of ages. The brightness probably declines as the star crosses the Cepheid gap as illustrated, for example, by Arp (1960b). Therefore the younger, longer-period stars will at any one time have moved further into the gap than those that have just begun to vary, and will therefore be systematically faint. The result will be to diminish the slope of the period-luminosity curve appreciably for a group of strictly coeval stars. The extreme range in log P represented by the stars used above in considering NGC 1866 is about 0.3; over this interval the slope could be reduced by x log (P1/P2) —dm, where x is the slope of the mean period-luminosity curve, P1 and P2 the largest and smallest periods represented, and dm the width of the period-luminosity domain in magnitudes. Adopting x=2.13 from table 9, (P1/P2) = 1.93 for NGC 1866, and
we find, for the difference in magnitude over this period interval,
the slope has disappeared, and the period-luminosity curve is horizontal. The overall period-luminosity relation for a system in which star production has been steady could accordingly differ from that for a system in which star production has proceeded in short bursts of limited duration.
We have concluded that the available data are not inconsistent with the assumption that a star spends roughly a constant fraction of its time as a Cepheid. On this assumption the ratio of the number of Cepheids of a given age to that age will give a measure of the past rate of production of stars that are now Cepheids. The data are given in table 45; values of N are deduced from table 8.
The values of N/T suggest that from 5×108 to 3 × 108 years ago the production was small and roughly uniform, that it began to increase thereafter, and rose until about 1.6×107 years ago, since when it has again been roughly uniform and much greater than before. These conclusions are similar to those reached by Arp (1960b, p. 114) from a study of color-magnitude arrays for Small Cloud clusters: “Initial star formation in the Small Cloud was very, very small and … recently it has come up to a very large amount.” Arp’s “initial star formation” refers, of course, to the genesis of the globular clusters, much earlier than the earliest date in table 45. None of the stars now investigated belongs to this early epoch, about 109 years ago, but the faint globular clusters and the field RR Lyrae stars studied by Thackeray and Wesselink (1953) and by Thackeray (1958) attest to it.
The rates of star formation within different time intervals given in table 45 refer, of course, to stars that differ in average luminosity, mass, and probably composition. Unless the time-dependence of the luminosity function (or mass function) and of the composition is known, these data can at best suggest past trends in star production.
We now explore the relationship of Cepheids of different periods, and hence different ages, to other features of the system. Such features are the bright blue supergiants and the associated H II regions, the emission-line stars, the globular clusters, the blue or “open” clusters, the H I regions, and the variable stars of other types.
A list of the brighter stars in the Small Cloud is given by Feast et al. (1960); their data are supplemented by Buscombe and Kennedy (1962). Emission-line stars have been tabulated by Henize (1956) and by Lindsay (1956). A special table of supergiant stars in the “wing” region is given by Westerlund et al. (1963). The distribution of these stars is shown in figure 4.
Emission nebulosities are included in figure 4 on the basis of the tabulation of Westerlund and Henize (1963), based on Henize (1956) and Lindsay (1961). Compare also the list of Nail et al. (1953) and one outlying nebulosity noted by Westerlund and Henize (1963). These nebulosities define the regions of gas, which are clearly concentrated in the main axis and wing region. The distribution is even more strikingly shown by the direct picture of the H II regions obtained by Rodgers (1959), the composite photograph reproduced by Johnson (1961), and the picture obtained by Courtes (1964) in the region of 6570A with a pass band of 10A.
Another structural picture can be obtained from the clusters of the Small Cloud. We make use of the catalog given by Kron (1956) because it is the most uniform and permits a separation of the globular from the “open” clusters. The latter are shown in figure 4, since they represent a similar (though not necessarily identical) population. Three categories of “open” clusters are shown; those with bright blue stars, designated + + by Kron, those with blue stars, designated +, and those simply designated as B (blue). Many of these clusters, in all three categories, are noted as associated with emission. Figure 4 shows the distribution over the face of the Cloud of clusters designated as “globular,” or “globular?” by Kron. A few of the clusters in his catalog were not included in figure 4 for lack of the relevant data. Most of these clusters have been tabulated by Shapley and Wilson (1925), and many of them also by Lindsay (1958); it is difficult to assign the additional clusters of these three papers to one or another of the curves in figure 4.
A rather similar structural picture emerges from the star counts made by de Vaucouleurs (1955) down to
and
photographic (contemporary Harvard scale, checked photoelectrically above
). His equidensity contours to the brighter limit resemble the distribution shown in figure 6. Those to the fainter limit, while still showing the same distribution as a central core, tend toward a smoother elliptical distribution at the edges, which is more nearly like the “elliptical shape” shown in the infrared photograph reproduced by Johnson (1961).
These equidensity contours based on counts of stars may be compared with the results of photoelectric surface photometry obtained by Elsässer (1958). His isophotes show the same inner structure, which is reflected in his equal-color contours. Especially notable is the similarity of Elsässer’s isophotes to the equigradient contours of de Vaucouleurs (1955); both show an isolated “bright” area near
–74˚40'. A strong similarity with both is displayed by the isophotes for the 21-cm line given by Hindman (1964), extending even to the isolated area just mentioned.
These data have a direct bearing on the question of absorption within the Small Cloud. Shapley (1951, p. 137) regarded the Cloud as “essentially transparent,” although he stated that “interstellar absorption in the inner section of the Cloud of two- or three-tenths of a magnitude is not out of the question.” Wesselink (1961a) on the other hand concluded from galaxy counts that the Small Cloud has a “normal dust content” and that local absorptions up to more than a magnitude may be present; he further concluded (1961b) that such a dust content is not incompatible with other evidence, such as the relatively small color excesses found by Feast et al. (1960). Walker’s study (1963) of the interstellar feature at λ 4430 in stars of the Small Cloud may be similarly interpreted. Feast (1964) shows that the Radcliffe spectroscopic results give clear indications of reddening in both Clouds, corresponding to total absorptions of about one-third of a magnitude, and points out that the interstellar lines found in the spectra of members of both Clouds show both galactic and Cloud components. Kron and Mayall (1960) concluded that some Cloud objects are locally reddened and obscured.
The most convincing suggestion that sensible absorptions must be allowed for comes, however, from Hindman’s (1964) 21-cm contours. By analogy with our own Galaxy we should expect that there would be an association of dust with hydrogen gas, and that regions of greatest absorption would be in the same locations as regions of greatest gas density. A comparison of our derived absorptions (which were determined empirically before the appearance of Hindman’s paper) with his contours shows a striking general similarity, our greatest absorption corrections coinciding with the areas of greatest hydrogen intensity. The immediate conclusion might be that the deduced absorptions are real, and not a systematic observational effect. However, it is still possible that the magnitudes are systematically affected in regions of the highest star density, which (as a comparison with Elsässer’s (1958) isophotes shows) also agree in a striking fashion with the 21-cm contours. The problem could be resolved by determination of accurate color excesses, but we have no material for an attack on this extremely difficult problem. We therefore present our absorption corrections as empirical and provisional, but express the belief that they are real, at least to a large extent.
The bright B and A stars, the emission-line stars, the “open” clusters, the bright nebulosities, the star counts, the surface photometry, and the neutral hydrogen all concur in marking out a region similar to the “Population I arm” sketched by Johnson (1961). We may conclude that this limited portion of the Cloud contains most of the potential star-building material at the present time, and has been the scene of the formation of the youngest members of the system. The smooth elliptical distribution seen on all long-exposure photographs, and emphasized in Johnson’s infrared photograph, may be regarded as the volume within which the older stars of the system were formed; it also contains the globular clusters, the oldest observable members of all.
The wing region is of special interest. It was pointed out by Shapley (1940) that this extension points in the direction of the Large Cloud. Shapley and Nail (1955) called attention to the fact that many long-period Cepheids are found in the region, but none of short period, and suggested that the “wing” may be a “special entity.” The exceptional character of the wing was emphasized by Westerlund (1961), who found the region of NGC 456, 460, and 465 to consist of a population of young blue stars and H II regions superimposed on a weak Population II. This finding was extended by Westerlund (1963) and by Westerlund et al. (1963) to include the whole wing, regarded as having a common evolutionary history; they assigned an age of less than 107 years on the basis of eight blue supergiants. A color-magnitude diagram for the region of NGC 602 is given by Westerlund (1964), who suggests that the region contains a mass of H = 2× 105
, the stars a mass of 104
. De Vaucouleurs (1954) has attributed the wing to the tidal action of the Large Cloud.
Figure 4 shows the distribution over the face of the Cloud for Cepheids within 11 intervals in log P. The intervals of age, derived from Young’s formula, are given in the legend. The following points should be noted.
1. The distribution for stars of longest period conforms most closely to the distribution of the bright stars, emission stars, nebulosity, “open” clusters, and neutral hydrogen.
2. The area covered by the variable stars grows progressively larger for shorter periods and finally approaches the elliptical distribution shown in the infrared photograph.
3. The Cepheids with period less than a day that we consider (on the basis of luminosity) to be members of the Cloud occupy an area similar to that for stars with periods between one and two days. Many of the brighter “nonmembers” lie outside these boundaries.
4. The three W Virginis stars lie within the elliptical area, but they are not concentrated as are the normal Cepheids of similar period.
5. The Cepheids in the wing area are all of period greater than about seven days (corresponding to an age of less than 108 years) and most of them have periods greater than 15 days (age less than 5.5 ×107 years). None, however, has a period over 35 days (corresponding to an age of 3 ×107 years). Thus on the basis of the Cepheids we deduce an age at least three times as great as that assigned by Westerlund et al. (1963) to the wing. This is not far outside the uncertainty assigned by Young to his formula. Probably, however, the wing was in process of formation for an interval of about 5 ×107 years, and the Cepheids are rather older than the blue supergiants.
Ishida (1961) has called attention to some of the same tendencies on the basis of the data previously published at Harvard for the Cepheids then known. Arp (1959b, p. 258) stated that “the region of star formation has been displaced nonconcentrically” on the basis of his studies of clusters of the Small Cloud; our analysis of the distribution of Cepheids of different periods substantiates his conclusion. His result, that the ages of star clusters in the Cloud span a large interval of time, is also in harmony with our conclusions from the distribution of the Cepheids.
Rodgers (1959, p. 49) described the Small Cloud as “a highly distorted one-arm spiral structure,” and Johnson (1961) suggested that the second arm is viewed lengthwise. There is in fact little evidence of a second arm distinct from the main axis, but we note that HV 817, a long-period Cepheid that is both bright and exceptionally blue, lies in the direction in which a second arm might be expected, if it were symmetrically situated.
If the Large Cloud has played a part in the production of the wing, the Small Cloud does not seem to have had a recognizable reciprocal effect; no evidence now exists of a similar wing extending from the Large Cloud in the direction of the Small, though a wing extending from the Large Cloud toward the Galaxy has been suggested by de Vaucouleurs (1954). Our present knowledge (admittedly incomplete) does not indicate that the period frequency in the Large Cloud is at all like that in the Small Cloud. Shapley and McKibben (1940) found a median period of
for all known Cepheids in the Large Cloud, as against
and
for the body of the Small Cloud and its “border” regions, respectively. The data given by Shapley and Nail (1955) lead to median periods of
and
respectively, for the Small and Large Clouds, and the median period from our own data for the Small Cloud is less than three days. The median period for galactic Cepheids brighter than the 10th apparent magnitude, as deduced by Shapley and McKibben from contemporary material, is over six days. Although the last figure is obviously subject to observational selection, it would be difficult to reconcile the observed differences, and we regard them as real, though quantitatively uncertain; the Cepheid population of the Large Cloud is intermediate between those of the Small Cloud and the Galaxy.
Reasoning similar to that used for the Small Cloud would bring us to the conclusion that active star formation, leading to the formation of the contemporary Cepheids, began more recently in the Large Cloud than in the Small. We note that Hodge (1959) concluded from his study of the star clusters in the Large Cloud that there have been two main epochs of star formation in that system, one about 109 years ago, another about 2×107 years ago. The median period
given above would correspond, on Young’s formula, to an age of 1.3 ×108 years. The interval 2×107 years would correspond to Cepheids with periods of 60 days; actually the known periods for the Large Cloud show a secondary maximum between 20 and 50 days. Speculation about the history of Cepheid formation in the Large Cloud must clearly await a more complete study of all the variable stars in that system, of their distribution across its face, and of their relationship to its structural features.
We now examine the bearing of our data on the history of a Cepheid as it passes through the variability domain. We regard the following as having been established.
1. A relation exists between logarithm of period and luminosity, not necessarily linear.
2. The period-luminosity relation has an appreciable dispersion in luminosity at any one period, and in log P at any one luminosity. Arp (1960a) obtained standard deviations of
and
for all 69 stars and for stars of large amplitude, respectively, at any one period. We obtain a standard deviation of
from solution 2, table 9. When converted into log P by means of the relevant slopes of the period-luminosity relation, we find standard deviations of ±0.63 and ±0.34 in log P for Arp’s two samples, and ±0.66 from our own.
3. Does a Cepheid develop with constant period across the gap? This conclusion was drawn by Arp (1960a) from his studies of clusters in the Small Cloud. We note, however, that even if the duration of the Cepheid stage is 15 percent of the total age of the Cepheid, and if the Cepheid developed during this interval at constant brightness and increased its period by a factor of four, the corresponding secular change of period would still be too small to be detected from existing material, and therefore our failure to establish secular changes of period neither strengthens nor weakens Arp’s conclusion.
4. The width of the Cepheid gap in (B-V) is about
as deduced by Arp (1960a); the star develops with increasing (B-V). It should accordingly grow progressively fainter even in V, and more so in B, and hence photographically (since constant period implies constant size unless there is mass loss, for which we have no evidence). Thus the stars at the upper edge of the period-luminosity domain should be the youngest of a given period, those at the lower edge the oldest, if the period remains constant.
The changing properties of a star between the upper and lower limits of the period-luminosity domain therefore mirror the changes that take place as a Cepheid develops. Arp (1960b, p. 101) has argued that “the Cepheids with the smaller amplitudes [come] from the edges of the gap where their luminosity for that period is either much higher or much lower than for the same period in the center of the gap.” The data derived by Payne-Gaposchkin and Gaposchkin (1964) from the present material are in harmony with this statement; the mean amplitude is somewhat smaller at the upper edge of the period-luminosity domain than near the middle of it, and considerably smaller at the lower edge. Furthermore, the skewness, s, reaches its highest value near the middle of the domain, and is smallest at the lower edge.
The skewness of the light curve is presumably a measure of the extent to which the pulsation is “driven,” and shows how this factor affects the behavior of the star as it crosses the gap.
We might expect that the rate of progress of the star across the gap would be indicated by the frequency distribution of the amplitudes. Table 46 presents the data for all stars; those with sinusoidal curves are tabulated separately. As maximum amplitude varies with period, the data for a limited range of period (2d to 3d) are added for comparison. We note that the amplitudes are well determined, since systematic errors in the magnitudes and uncertainties in the absorption corrections can scarcely affect them. If anything, the number of small amplitudes would be increased by the presence of unresolved companions.
Median amplitude for all the stars with (M-m) <0.3 is about
, and this is true also for the sample with periods between two and three days; for the sinusoidal curves it is about
. All three distributions are approximately symmetrical about the median; very large and very small amplitudes are equally uncommon.
Small amplitudes must be depleted by observational selection, and it is difficult to evaluate the corrections that should be made to allow for this effect. From our experience with the material we should have estimated that all stars with amplitudes over about
would have an equal chance of discovery, and this is certainly true for amplitudes of
, where the numbers have already begun to fall off.
If stars crossed the gap at a uniform rate and if their amplitudes changed steadily, we should expect a large excess of small amplitudes, but it is difficult to avoid the impression that there is, on the contrary, a deficiency of amplitudes between
and
. We might conclude that (contrary to our belief) observational selection has cut down the numbers of discovered stars with amplitudes less than
. In that case there would be more undiscovered Cepheids below this limit than are at present known. However, we maintain that our data are correct in showing a maximum frequency at an intermediate amplitude. In that case the amplitude does not change steadily as the star crosses the gap, and/or maximal amplitude is not the same for all stars (not even for all stars of the same period).
If the dying away of amplitude is a damping phenomenon, the amplitude itself, which is a logarithmic quantity, is the correct measure of the decay of the pulsation. If on the other hand we transform the amplitudes into intensity ratios, we encounter the same problem, though in less exaggerated form. The deficiency of low-intensity ratios might be referred to incompleteness (it sets in at about I/I0=2.25, corresponding to an amplitude of about
). However, the number of large-intensity ratios now seems excessive. We should again suspect that maximal amplitude differs from star to star.
We note that the median amplitude for the sinusoidal stars is
, and if selection has already become a serious factor in discovery at
, these stars must be extremely numerous; perhaps as numerous as the “normal” Cepheids.
The discussion in the present paper is limited to empirical considerations. Comparison with current theoretical work is postponed to a later communication.
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The variable stars discovered at Harvard in the Small Magellanic Cloud are studied on Harvard plates. Results have been obtained for about 1300 stars. The overwhelming majority (91 percent) are Cepheids.
Cepheid variables—periods range from about a day to over 200 days. The well-known preponderance of short periods is found to be even greater than previously supposed. Least-squares solutions for the period-luminosity relation show a departure from linearity. Stars with symmetrical light curves of small range show a relation parallel to that for asymmetric curves, about half a magnitude brighter. The intrinsic dispersion of the period-luminosity relation is found to be
. The parameters that describe the light curves (amplitude, skewness, rate of rise) are related to period, and to deviation from the mean period-luminosity curve. Detailed study of the periods of 96 Cepheids shows no significant secular change of period for any star of period less than 12 days. Six stars of greater period have variable periods. A few of the intrinsic variables with period less than a day in the region of the Cloud are probably members of the system; the remainder are foreground RR Lyrae stars. The distribution of Cepheids over the face of the Cloud changes with period. Three W Virginis stars are members of the system.
The distribution of absorption within the Cloud, inferred from systematic departures from the period-luminosity relation, is similar to that of the H I regions observed by radio techniques.
Long-period variables—all but one of the 24 long-period variables are Cloud members. They show a period-luminosity relation. Their distribution is similar to that of Cepheids of period about ten days.
Sixty-two irregular variables are probably all members of the Cloud. Of the 34 eclipsing stars, all but one are members of the Cloud. They will be discussed by one of us in another publication.
It is inferred that all stars spend about the same fraction of their life as Cepheids. The duration of the Cepheid stage is estimated. The amplitude frequency leads to the conclusion that the pulsations are “driven” within the Cepheid gap, and are small outside it. Maximal amplitude is probably not the same for all Cepheids.
FIGURE 1.—Frequency of log P in intervals of 0.05. The cross-hatched area refers to stars with (M-m)>0.3.
FIGURE 2.—Parameters of the light curve. The parameters A, A1, A2, and (M-m) are labeled. A, A1, and A2 are expressed in magnitudes, (M-m) in percentage of the period. The skewness, s, is the ratio of the triangles wyz/wxy, or xw/xz. The rate of brightening is A/P(M-m) where P is the period in days. The rate of rise is (M-m)/A.
FIGURE 3.—Lines of constant skewness, s, for log P between 0.6 and 0.9. The mean period-luminosity curve is shown by a heavy line; broken lines define a dispersion of ±
. The lines of constant s are labeled and define domains in which the light curves have similar shapes. Note that the slope of the lines increases with period. Ordinate and abscissa are photographic magnitude and logarithm of period.
FIGURE 4.—Distribution over the face of the Small Cloud of blue stars, nebulosities, star clusters, and Cepheid variables. The coordinate system, in units of 100", is that of Miss Leavitt, and is the same for each section of the diagram. (See following page for explanation.)

FIGURE 5.—The Small Magellanic Cloud. The coordinate grid is the same as that for figure 4. The two globular clusters, 47 Tucanae and NGC 362, are foreground objects.
FIGURE 4–Legend–Continued

FIGURE 6.–Penod-lummosity relation. Ordinates, < m >0 (above, scale to left); x0 (below, scale to the right). Abscissae, log P. The lines labeled A, B, C represent Solutions 2, 3 and 7 of Table 9 for <m>0; D, E, F represent Solutions 2, 3, and 7 for x0. Crosses denote W Virginis stars.
FIGURE 7.—The mean light curves of the intrinsic periodic variables arranged in order of period.
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