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ABSTRACT 

Image-tube spectrograms and Strömgren 4-color and H/S photometry were obtained for twelve pos- 
sible blue-straggler members of the open cluster NGC 7789. Membership was established for eight of 
these twelve blue-straggler candidates. From the data obtained, it was possible to test three competing 
hypotheses for the origin of these stars. Estimates of masses based on a match of our photometry with 
model atmospheres show that blue stragglers have masses appropriate to their location in the color- 
magnitude diagram. Furthermore, of four blue-straggler members studied carefully for radial-velocity 
variations, all four exhibited definite changes in velocity. These observations suggest strongly that blue 
stragglers are members of binary systems in which mass exchange has taken place. 

I. INTRODUCTION 

Several globular clusters and a few fairly old open clusters (for example, M3, M67, 
NGC 752, NGC 7789) contain stars which fall close to the main sequence but which 
extend a few magnitudes above the turnoff point of the cluster. These stars have been 
called “blue stragglers.,, 

Various theoretical explanations have been offered to explain the anomalous location 
of the blue stragglers in the H-R diagrams. Among the most rèasonable are the following: 

1) The blue stragglers are representatives of a new generation of stars, born later 
than the majority of cluster members. 

2) These stars are on (or very near) the main sequence for the second time. Possibly, 
a sufficient amount of the hydrogen in the envelope was transported to the interior 
during the helium flash to sustain a second (shorter) hydrogen-burning lifetime near 
the main sequence (see Rood 1970). 

3) The blue stragglers are members of close-binary systems in which mass exchange 
has taken place (McCrea 1964; van den Heuvel 1968). On this picture, the present pri- 
mary is believed to have an original mass less than the mass of stars at the turnoff, 
Mto. The mass of the original primary is slightly greater than Mt0. As the original 
primary evolves, it fills its Roche lobe and begins to lose mass, most of which accretes 
on the surface of the secondary. As the secondary gains mass, it increases in luminosity 
and moves up the main sequence to its present location; the original primary in most 
cases becomes a white dwarf. 

Each of these three hypotheses has one or more directly observable consequences. 
In hypothesis 1, the mass of the blue straggler, Mbs, corresponds to its location in the 
H-R diagram. For hypothesis 2, AfBs < Mt0; whereas hypothesis 3 has the following 
consequences: 
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a) Mbs is identical with the mass of a main-sequence star which occupies the same 
position in the H-R diagram. 

b) All blue stragglers are members of binary systems, some of which should have 
observable variations in velocity. 

c) If the initial mass of the original primary is much greater than Mto, it is possible 
to form a blue straggler; however, a straggler formed from such a system would have 
evolved and not be visible as such today. Hence, the blue stragglers of highest mass 
must have had initial mass ratios near unity, and as a consequence, Mbs < 2Mt0. Since 
Mbs < 2Mto, the luminosity of the blue stragglers in a cluster cannot exceed the turnoff 
luminosity by more than a factor of approximately 10. 

In order to test these competing hypotheses, we chose to study the blue stragglers 
in the rich open cluster NGC 7789 (Burbidge and Sandage 1958). The number and 
brightness of the stragglers in this cluster were consistent with our goal of obtaining 
fairly extensive spectroscopic and photometric observations in a reasonable time. For 
each star, we obtained Strömgren four-color and H/3 photometry at the Kitt Peak 
National Observatory. Model-atmosphere calculations can be matched with these 
indices to predict the luminosity, Teu, and mass for the blue stragglers. In order to test 
the binary hypothesis, a series of spectrograms of the four brightest blue stragglers was 
obtained with the KPNO Cassegrain image-tube spectrograph at dispersions of 50 and 
35 Â mm-1. These spectra permit us to check for variations in radial velocity. 

II. THE OBSERVATIONS 

a) Membership 

NGC 7789 is located in a fairly crowded region of the Milky Way (P1 = 115, b11 = 
—5°). Hence, to avoid contamination from field interlopers, we felt that membership 
of the blue stragglers should be established on the basis of measured radial velocities. 
Unfortunately, to our knowledge, no published radial velocities are available for indi- 
vidual stars in NGC 7789. 

To establish a value for the velocity of the cluster, we obtained spectrograms in the 
wavelength region 5000-7000 Â of K and M giants in NGC 7789 at a dispersion of 
127 Â mm“1 with the KPNO image-tube spectrograph. The velocities were reduced 
by using the Grant measuring engine at the KPNO. The mean velocity deduced for 
three K giants is —40 ± 8 km sec-1, which we adopt as the cluster velocity. In Table 1 
we list for the blue stragglers, the mean values for radial velocity, the number of ob- 
servations, and the mean error per observation. These values are based on image-tube 
spectrograms taken at dispersions of 50 and 35 Â mm-1. An M in column (5) indicates 
those blue stragglers which we consider to be likely members. Of the twelve stars 
studied, eight are probable members. We note in this regard the photometric observa- 
tions of Osváth (1960): He estimates from counts of blue stars within the cluster field 
and in a nearby comparison field that two-thirds of the blue stars in NGC 7789 are 
likely to be members, which is consistent with our results. We also indicate by MC and 
NC, respectively, those stars thought to be members and nonmembers by Cannon 
(1968) on the basis of a recent, unpublished proper-motion study. 

b) The Photometry 

In Table 2, we list the observed {b — y), Wi, ¿i, and ß for all stars in our program, 
along with the number of observations and the mean error per single observation. Before 
comparing the photometry with model-atmosphere predications, it is necessary to 
correct the observed colors for the effects of interstellar reddening. From their photo- 
graphic and photoelectric UBV observations of NGC 7789, Burbidge and Sandage 
(1958) derive a reddening value EB-v = 0.28. Althoûgh these authors give no value for 
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BLUE STRAGGLERS 525 No. 2, 1970 

the expected error in this result, we estimate from their data that ±0.03 mag is a 
reasonable guess. We can also estimate the reddening from the spectral types derived 
from our observations. In Table 3, we present for each star the estimated spectral type, 
the unreddened (B — V) for that type (Johnson 1963), the {B — V) inferred from the 
observed (b — y) (Crawford 1966), and the resulting color excess, EB-v- From this 
procedure we obtain Eb-v = 0.34 ± 0.01. 

Finally, we obtain a reddening estimate from the observed ß and {b — y) values for 
the starslater than A0. However, because the [0, {b — y)]-relation is still quite sensitive 
to gravity for stars earlier than F0, this determination is of much lower weight. A value 
of Eb-y = 0.22 ± 0.03 or EB-v = 0.32 ± 0.04 is deduced in this way. We adopt a 
weighted mean value of EB-v — 0.32 mag for the reddening to NGC 7789. 

TABLE 1 

Radial-Velocity Measurements for 
Blue Stragglers in NGC 7789 

Star 
(1) 

N 
(2) 

Probable Error 
per Single RV PM 

(F) Observation Member? Member? 
(3) (4) (5) (6) 

K144. 
K168. 
K197. 
K234. 
K342. 
K349. 
K371. 
K409. 
K453. 
K799. 
K1168 
K1211 

1 
1 
1 
1 
7 
1 
4 
7 
8 

12 
1 
8 

-16 
-21 
-31 
-26 
-45 
-34 
-56 
-20 
-41 
- 2 
-49 
-33 

±13 

±6 
±17 
±19 
± 7 

±18 

M 
M? 
M 
M 

M? 
M 

M? 
M 

MC 
MC 
MC 
MC 
MC 
MC 
MC 
MC 
MC 
NC 
MC 
MC 

TABLE 2 

Strömgren Four-Color and H/3 Photometry for Blue Stragglers in NGC 7789 

A (Four- 
Star Color) (b—y) mi a A(H/8) ß 

Members 

K197  2 0.304 ±0.019 0.118± 0.005 1.118 +0.029 3 2.867 ±0.061 
K234   2 0.303 ± 0.027 0.173 ±0.054 0.938 ± 0.049 3 2.880 ±0.060 
K342   5 0.191±0.018 0.063±0.026 1.057± 0.040 6 2.872 ±0.021 
K409  6 0.253 ± 0.015 0.102 ±0.023 1.025 ±0.045 8 2.930 ±0.049 
K453  9 0.227±0.019 0.040±0.027 0.913± 0.021 11 2.792 ±0.042 
K1168  2 0.271 ±0.020 0.l93±0.000 0.992 ± 0.047 2 2.927 ±0.051 
K1211  13 0.157± 0.015 0.065 ±0.019 0.628±0.027 14 2.718±0.018 

Nonmembers 

K144  3 0.276±0.018 0.082 ± 0.030 1.215 ±0.002 3 2.902 ±0.027 
K168.    2 0.258±0.021 0.119±0.041 1.060 ± 0.043 3 2.873 ±0.021 
K371  6 0.277±0.017 0.119±0.021 1.115± 0.040 7 2.914 ±0.054 
K799...  17 0.245 ±'0.014 0.160±0.019 0.936±0.031 17 2.867±0.034 
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526 K. M. STROM AND S. E. STROM Vol. 162 

In Table 4 we present the mean values of (b — y), mi, and Ci corrected for reddening 
for each star. 

The distance modulus is computed from the data listed in Table 5. Here we present 
the spectral type and luminosity class, the absolute magnitude (Blaauw 1963) corres- 
ponding to this classification, the observed F-magnitude, and the apparent modulus. 
From this data we obtain (m — M) = 11.9 ± 0.1 (m.e.). Burbidge and Sandage esti- 
mate (m — M) = 12.2 ± 0.2 from the main-sequence slope and the location of the 
turnoff point. We regard the agreement between these determinations as satisfactory. 
With EB-v = 0.32 ± 0.03, we predict a true distance modulus (m — M) = 11.0 ± 
0.15. 

TABLE 3 

Reddening Determination for NGC 7789 

Star Sp Type (B-F)o (B — V) EB-V 

Members 

K197  A3-A5V +0.12 0.48 +0.36 
K234  A3-A5V +0.12 0.48 +0.36 
K342  B9-A0V -0.03 0.30 +0.33 
K349  A3 V +0.09 0.43 +0.34 
K409  A1-A2V +0.04 0.40 +0.36 
K453  B9^A0 V -0.03 0.36 +0.33 
K1168  ÁáV +0.09 0.43 +0.32 
K1211  B8-B9V -0.07 6.25 +0.32 

Noninembers 

K144  B8-B9V -0.Ô7 0.44 +0.51 
K168  B9-A0V ^6.03 0.41 +0.44 
K371  A3-A5V +Ö.12 0.45 +0.33 
K799  A2p +6i04 0.39 +0.35 

TABLE 4 

Unreddened Colors for Blue 
Stragglers in NGC 7789 

Star (b—y)o mi0 ci® 

Members 

K197  +0.084 0.184 1.074 
K234   +0.083 0.239 0.894 
K342  -0.029 0.129 1.013 
K409  +0.033 0.168 0.982 
K453 +0.038 0.185 1.016 
K1168  +0.051 0.259 0.953 
K1211  -0.063 0.584 0.131 

Nonmembers 

K144  +0.056 0.148 1.171 
K168  +0.038 0.185 1.016 
K371  +0.052 0.185 1.071 
K799  +0.024 0.226 0.892 
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No. 2,1970 BLUE STRAGGLERS 527 

III. INTERPRETATION 

In Figures 1, 2, and 3, we indicate the location of the blue straggler members of NGC 
7789 in the [ß, {b — ;y)]-, [wi, {b — y)]-, and C\> {b — y|-planes. We superpose on these 
plots the observed location of luminosity class III-V stars as taken from Crawford’s 
(1966) study. We note immediately that almost without exception, the location of the blue 
stragglers in these plots appears to be consistent with that of normal main-sequence A and B 
stars. The exceptions to this statement are (1) the location of K453 at ß = 2.792 and 
(b — y) = 0.038 in the [ß, (b — y)]-plot; the 0 is somewhat small for the (b •— y); (2) 
the location of K1168 and possible K234 in the [mi, (b — y)]-plot. 

The individual observations of K453 show a range of almost 0.15 in ß. This range is 
larger than that found for blue stragglers of comparable brightness in our program. It 
is possible that the observed Hß variation of K453 is real; and as a consequence, we have 
omitted this star from subsequent discussion. 

TABLE 5 

Distance-Modulus Determination for NGC 7789 

Apparent 
Star Sp Type Mv V Modulus 

Members 

K197   A3-A5 V +1.7 13.3 11.6 
K234       A3-A5V +1.7 13.4 11.7 
K342. .     B9-A0V +0.3 12.4 12.1 
K349  A3-A5 V +1.7 13.3 11.6 
K409  A1-A2 V +1.0 13.0 12.0 
K453  B9-A0 V +0.3 12.7 12.4 
K1168  A3 V +1.5 13.2 11.7 
K1211  B8-B9V —0.3 11.5 11.8 

Nonmembers 

K144  B8-B9V -0.3 13.4 13.7 
K168  B9-A0V +0.3 13.8 13.5 
K371  A3 V +1.5 12.9 11.4 
K799  A2p +0.8 11.8 11.0 

Both K234 and K1168 are faint, and only two observations were obtained for each 
star. Since no spectral peculiarities were noted for these stars, we hesitate at this time 
to attribute any significance to the high mi values. 

Although the location of the blue stragglers in the Strömgren four-color plots ap- 
pears “normal,” we must now interpret our observations quantitatively in order to 
estimate the range of stellar masses encompassed by the data. Chromey (1970) has 
recently computed, from model-atmosphere data, the expected variation of ß with 
(b — y) and with Ci for A- and B-type stars of differing gravities. The theoretical 
[ß, (b — y)]- and (ß, Ci)-plots are shown in Figures 4 and 5, in which lines of constant 
Teff and log g are indicated for reference. It is essential to note that these theoretical 
plots are useful primarily for estimating the differential variation of Teu and g between 
groups of stars. Because of small errors in the models and adopted line-blanketing coef- 
ficients, we caution against using these plots for absolute determinations of these param- 
eters. 

For the range of late B stars, we find from this figure that a change of 0.01 mag in 
ß corresponds to a change of 0.1 in log g, almost independently of C\. We can apply this 
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Fig. 4.—Theoretical (ß, <;i)-plane as computed by Chromey (1970). Note that these plots should be 
used to make differential, as opposed to absolute, estimates of log g and Teti, 
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result to K1211 which has a ß approximately 0.05 mag smaller than the zero-age main 
sequence (ZAMS) value of 0 at Ci = 0.58 (Crawford 1970, private communication). 
This means that K1211 has a gravity 0.5 in the log smaller than that for stars on the 
ZAMS near log reff ^ 4.1 We then estimate a value of log g = 3.8 ± 0.1 for this star 
since B stars near the ZAMS have log g = 4.3 (Kelsall and Strömgren 1964; Iben 1967). 
From the calibration of spectral type with Teu of Morton and Adams (1968), we deduce 
a log Teii = 4.1 ± 0.03 and a bolometric correction of 0.7 ± 0,2 mag. With the derived 
true distance modulus of (m — M) = 11.0, we compute the mass of K1211 as M/M0 *= 
3.2 (+1.8, —1.2). This mass is completely consistent with the mass of a normal B8 star. 
The luminosity at the turnoff point in NGC 7789 is log (L/L0) = 1.0 ± 0.1, while log 
Teff is 3.875 ± 0.015. From Iben’s (1967) evolutionary tracks, the mass of stars at turnöff 
must be M/M0 ^1.5 with a cluster age of of 1.5 ± 0.5 X Í09 years. Thus the mass of 
K1211 is about twice the turnoff-point mass. As a test of the validity of our mass-deter- 
mination procedure, we note that the gravity deduced from the obsêrved Hß index for 
Sirius is log g = 4.36 ±0.1 whereas the “observed” value is log g = 4.30 ± 0.01. We 
regard this agreement in log g as excellent. The mass we deduce for Sirius is M/MQ = 
2.6, which is entirely reasonable. 

Next, we can obtain from the [ß, (b — y)]-diagram (for the cooler blue stragglers) 
estimates of log g, differential with respect to the ZAMS. From this we can again compute 

TABLE 6 

Mass Determinations for Blue-Straggler Members of NGC 7789 

Star [g] [g/gQ} [L/Lq] [TeífATefí)©] [M/MQ] M/Mq 

K342  4.1±0.0 -0.35 + 0.1 1.84 + 0.1 0.242 +0.522 3.3 (+2.0,-1.2) 
K409   4.2 + 0.1 -0.25 +0.1 1.60 + 0.1 0.200 +0.55 3.5 (+2.1,-1.3) 
K197   4.0 + 0.1 -0.45 + 0.1 1.40 + 0.1 0.161 +0.306 2.0 (+1.2,-0.7) 
K234  4.1+0.1 -0.35+0.1 1.36+0.1 0.161 +0.366 2.3 (+1.4,-0.8) 
K1168  4.2+0.2 -0.25+0.2 1.44+0.2 0.181 +0.466 2.9 (+2.3,-1.3) 

the mass. In Table 6, we summarize the mass determinations for the remaining blue 
stragglers in NGC 7789. Brackets denote logarithms of the indicated quantities. We 
also plot in Figure 6 the location of the blue stragglers relative to Iben^ (1967) evolu- 
tionary tracks; this figure allows us to estimate masses from the apparent location of the 
blue stragglers in the H-R diagram. Although no individual mass determination in 
Table 6 is in itself convincing, our mass determinations for the six stragglers provides 
compelling evidence for the statement: The mass of blue stragglers is consistent with their 
observed location in the H-R diagram. This result would appear to rule out the possibility 
that blue stragglers are on the main sequence for the second time. 

We next turn to the question of the binary character of the blue stragglers. The es- 
sential data are summarized in Table 1. We first note that the well-observed nonmember, 
K799, provides one estimate of the true mean error of a radial-velocity determination 
from a single plate, namely, + 7 km sec“1. A further check on the accuracy of the radial 
velocities is afforded by a comparison of our image-tube radial velocities with those de- 
rived by Trumpler (1930) for eleven B stars in NGC 2264. The comparison gives 
( F ström — Frrumpier) = “8 + 6 km sec“1; the error refers to the accuracy of an in- 
dividual observation. Finally, we note that for five G-star members of M67, (Fstrom — 
Ftrue) = 0+4 km sec“1. Hence, we believe that + 7 km sec“1 is a conservative estimate 
of our internal error for radial-velocity determinations. It is clear immediately from 
Table 1 that the four well-observed blue stragglers have significantly higher errors per 
individual velocity determination. The most likely explanation for these greater errors 
is that these stars have variable radial velocities. While the velocity variations do not 
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provide definite proof of the binary character of the blue stragglers, our data suggest 
strongly that all blue stragglers studied are probably spectroscopic binaries. We further 
expect the rotational velocities of the blue stragglers to be relatively small as a conse- 
quence of mass exchange and the close coupling between rotational and orbital angular 
momentum (van den Heuvel 1968) in the binary system. All blue stragglers in NGC 
7789, with the exception of K453, have z> sin ¿ < 100 km sec“1, that is, less than the res- 
olution of the image-tube spectrograms at 50 Â mm-1. Spectrograms of K121, K409, 
and K342 were obtained at 35 Â mm-1; and we estimate in these cases that v sin i < 70 
km sec-1. The Ca n K-line and hydrogen-line widths in K453 appear to be variable on 
our spectrograms, as might be expected from the results of our H0 photometry. This 
star may be a double-line binary; however, confirmation of this suspicion must await 
further observation. We conclude that none of the blue stragglers have rotational 
velocities greater than can be determined at our resolution. This observation is again 
consistent with the binary hypothesis. 

To test whether we expect on the basis of the binary hypothesis to observe velocity 
variations for most blue stragglers in NGC 7789, we chose the most pessimistic case, 
that of K1211. From its location in the H-R diagram, we note that it is the most massive 
of the blue stragglers. Hence, its companion must presently be the least massive. As a 
consequence, we expect the observed variations in velocity for this star to be a mini- 
mum. As a plausible model for the initial configuration, we take mi0 = 1.7 M0 and 
m20 = 1.50. For the final configuration, mi = 0.5 MQ and m2 = 2.7 MQ, Defining a 
as W2/W1, we can compute the ratio of the present to the initial period from (see van 
den Heuvel 1968) the equation 

P/Po = {a0/a[(l + a)/(1 + a„)]2}3 . 

Adopting the above parameters, we obtain P/Po ~ 6.7. The total velocity amplitude, 
2Ki in km sec-1, is given by 

0 208(wi + W2)1/3 sin i 
1 “ P^inh/nh)1^ 
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where i is the angle of inclination. If we adopt a mean value of sin i of 0.7, we find that 
for our limit of detection (2Ki > 30 km sec-1), the present period P is less than about 
27 days. Hence, the initial period of the binary must have been Po < 4 days. Approxi- 
mately 25 percent of field binaries have periods in this range (Abt 1961). As an extreme 
example (see Refsdal and Weigert 1969) we choose miQ = 1.7 MQ and W20 = 1.5 M0; 
mi = 0.3 Mq and w2 = 2.9 MQ. For this case, the present period must be less than 
^13 days. For this pessimistic case, only a few percent of the initial binaries would 
be expected to have periods in this range. It would appear that, unless extreme condi- 
tions prevail, it is quite likely that a blue-straggler system similar to K1211 will be 
detected, given our sample and our observational accuracy. 

We can also check to see that the number of blue stragglers is consistent with the 
expected number of progenitor binary systems. We note first that all blue stragglers 
formed from systems with an initial primary mass greater than ^1.7-1.8 M0 would 
have evolved already and would now be in a later stage of evolution. Second, from the 
observed luminosities as well as our deduced masses, we note that the minimum mass 
of the blue stragglers is ~2 MQ. On the assumption that a star of 1.7 MQ is not likely 
to lose more than 1.4 M0, the initial mass for the original secondary must be >0.6 MQ. 
Hence, the initial mass ratio must be in the range 1.0 < a < 3. Approximately half the 
total number of binaries in NGC 7789 should have mass ratios in this range (van den 
Heuvel 1968). Furthermore, about half of these systems have appropriate initial separa- 
tions (i.e., periods) for mass exchange to occur. If binary frequency in NGC 7789 is 
similar to that in the Hyades, approximately 25 percent of all stars are binaries. Con- 
sequently, 6 percent of all NGC 7789 members from the turnoff to approximately 2 
mag (M/Mq ~ 0.6) below should form blue-straggler systems. If the survey of Burbidge 
and Sandage is reasonably complete, there are ^330 stars occupying this region of the 
H-R diagram; as a result, we would expect approximately twenty blue stragglers. 
However, we estimate, using the luminosity function given in Allen (1963), that ap- 
proximately 50 to 100 stars below the turnoff are probably field interlopers. This re- 
duces the expected number of blue stragglers to the range 14-17. We observe eight blue 
stragglers to be certain members. Since we have not spectroscopically tested fourteen 
possible blue stragglers for membership, the total number must be in the range 8 < 
N < 21. We consider this comparison to be reasonably consistent with the number of 
blue stragglers expected. 

Finally, we note that Deutsch (1969) and Peterson (1970) have examined several 
stragglers in the open cluster M67. One of these stars has a definite period, while three 
others are radial-velocity variables. Hence, it appears reasonable to suggest that most, 
if not all, blue stragglers are members of binary systems. 

IV. CONCLUSIONS 

From our investigation we find that: 
1. The masses deduced for blue stragglers from Strömgren four-color and Hß photom- 

etry are consistent with their location along the main sequence in the H-R diagram. 
2. All blue stragglers studied for radial velocity are velocity variables. 
Conclusion 1 rules out the possibility that blue stragglers are on the main sequence 

for a second time during their evolutionary history. Conclusion 2 permits the following 
alternates: 

a) The blue stragglers are a class of newly formed main-sequence stars, all members 
of which are binaries and all of which have relatively low rotational velocities. 

b) The blue stragglers are produced as a result of mass exchange in close binaries. 
We believe the second of these alternatives to be the more likely. 

Note added in /wo/.—Spectra of four additional K giants were obtained subsequent 
to the acceptance of this paper. The cluster velocity for NGC 7789 derived from a total 
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of seven K giants is — 45 ± 7 km sec-1. As a consequence of this newly derived velocity, 
we now believe K371 to be a probable member. The photometry of this star predicts a 
mass consistent with its location along the main sequence, entirely in keeping with the 
conclusion of this paper. 
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