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ABSTRACT

The physical properties of the population II eepheidshave been
studied using the fellowing materisls rhoboeleetric observations of Arp,
low dispersion spectrz of Joy, hish dispersion spectra taken by Sanford
ard Abb, and mumerous mederate dispersion spectyra obbained by the author,

Radial velocity curves for ten cepheids are shown. It is shown
that the veloeily curves for 51l pomulation 1T eephe’ds with periocds
greaber than 15 days are probably diseontimicus. The difference bstween
the RV Tauri star and the star whose veloeity and light curves repeat
well is shoun to be due to a delsy in the new outrush of gas during
alternste cycles of the RV Teuri star. Displacement curves are derived
for eight cepheids that probebly have discontinuous veloeclby curves.

The photoelectric observations are interpreted to show that the
surface tempersture of M5 Wo. 42 varies from ?ZQ@QK to A&ﬁﬁeﬁ and of
W Virginis from 6200°K to below 4800°K. The electron pressure for these
two stars varies from 100 ﬁynﬁ&fcmg o 0.1 ayﬁas/émg ard 10 éyﬂes/em?
to less than 0,1 ﬁyaeafémg respechively. The changesin radil obtained by
applying Steffan's law to the changes in temperature and luminesity agree
ressonably well with integration of the veloeity curve, Values of the
surface gravity obizined from the colors ot maximum radius and from the
deceleration of the velocity curve yield masses in the viecinity of one to
three solar masses. The use of the peried density relation is consistent
with masses between 1.2 and 2,0 solar masses.

The speetra of the populstion IT cepheids sre generally of type
L% %o FO at earliest and F5 to GO st latest. Ho correlation of gpeetral
type with period can be fourd., A correlation between spectral type ard

light curve seems to be present,



Consideration of the eamission lines and of certsin absorpbion
lires that are effected by dilution leads to the conclusion that the

proper medel for W Virginls sust conmbain a shoek wave moving out through

the abtmosphers of the ghar,
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I. INTRODUCTION
A = Higborieal Background

In his clazssic paper on the Radisl Velocities of Cepheid Variable
S%ara(j) Dr. Joy noted certain remsrkable properties of the star W Eir&giaﬂg.
His deseription iz as fal}sws:.\Brigk% hydrogen lines sre present on 11
plates taken during the increase in the star's lisght from phase .59 to
maxinum,..,The large proper motion and high galactic latitude of this star
are notable.® Joy followed this up by studying Barpard's varisble (No. 154)
in Messler 3 and noted the similarity between it and W %irgz).

When Basde introduced the concept of the two population ﬁyp@séz)g
it became apparent that the cepheids could be divided into the two populse
tions. The classical cepheids of population I sre found in the spirsl araes
of the Gslaxy while stars like W Vir and M3 No. 154 populate the galactie
halo and the globular eclusters. In this respect they are similar to the
R Lyrae starsg.

The early work of Mrs. He Be S Hogg on the light curves of
varisbles in globular clusters was beset with large scatier but nevertheless
the difference between the classical and population II cepheids can be
noted. She wag the Tirst to note the slternating minims of ¥2 Wo. 11 and
456 Ho. 6 and thus relate the W Vir stars to the RV Tauri st&rsiéfg}.

In an important papers He. Ce. Arp studied 19 variables in globular
clusters by means of accurate two color photographic photemaﬁry{é). He
gupplemented this by three color phoboslectric observations of W Vir,

M5 Nos. 42 and 8L, and W10 Fos. 2 and 3€?}¢ Arp noted that the light curves
of most of the cluster veriables are very similar to W Vir. Several stars

gshowed alternating deep and shallow ninims, The variables M3 Wo. 154 and
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5 Ho. 42 have light curves that differ markedly from phase, the minimum
is broad and the rise to maximum is extremely rapid. These stars have a
bluer color snd higher absclute magnitude by about o5 mag. than stars of
the W Vir type with the same pericd,

In the meantime Joy extended his spectroscepic study to 32 varie
ables in globular clusters including several sami~ragulaf’v&ri&bleség}a
Stars with periods from one to a hundred days vwere studied, He noted that
spectral types ranged from A to F in the stars of shortest period and
became later with period until they ranged from G to M in the 65 to
100 day groups Emission lines were strongest in the W Vir and RV Tauri
groups, generally veaker among the semiersgulars and absent in the stars
of the 1=2 day group.

The presence of double lines in the spectrum of W Vir was dise
covered by Sanfaré(gj. A detailed study of W Vir has been completed by
Abt(?ﬁ). He S@ﬁﬁiﬁﬁ the changes in radius, temperature, relative sbundances
and opacity. He also discussed two possible pulsation wodels, For the

details of this very careful study the reader is referred to Abt's paper,

B = Problems Related to Population II Cepheids

It seems best at this point to list seme of the problems related
to the populstion II cepheids. It has been the purpose of this work to
shed as much light zs poessible on these problems within the limitations of
time and equipment,

T - What are the spectroscopic differences between the population I
and II cepheids?
2 - What are the differences between the RV Tauri sters and the

cepheids whose light eurves repeat well from cycle to cyele?
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One star of each type is found in ¥M5. They have virtuslly the
same pericd so cerbainly the period is not the deciding factor.

3 - What are the differences (if any) between cepheids on the different
lines of Arp's periocd-luminosity diagram?

4 =  Vhich population II ecepheids have double lines and which do not?

5 - What information can be obtained sboubt the radii of population
IT espheids from integration of the velocity curves and interw-
pretation of the colors?

& =«  What are the masses of the population IT cepheids?

7 «»  What can be learned by clessification of the spectra on the
HEE system and compsrison of the specira among the cepheids?

8 w Can a definite decision be made between the shockwsve model and
the interpenetrating shell model for W Vir?

0 - What evolubionary track in the color-magnitude disgram leads &

star into the region of the population II cepheids?

IT, CHOICE OF MATERIAL

In order to follow up the guestions discussed above, it vas
decided to study imtensively a few population II cepheids with interesting
properties that sre bright enough o observe at moderale dispersion. The
two varisbles in M5 were the obvious sterting point. Bolh have approxi-
mately the same period, 2 days, and are bright enough to observe at the
60" telescope. WHoe 42 has the anomolous light curve discussed above. It
ig, imtrinsically, one of the brightest known cepheids in o globular eluster,

Noe 84 alternates ab minimum and iz therefore an RV Tauri star. To these
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wag added TW Capricorni, a field star of period 28 days, having & light
ecurve very aimilar Yo M5 Yo, 42 (}1), Flates of W Vir and the classienl
cepheid of neriod 27 days, T Monocerotis, were oblalined for comparison
purposes. & few plstes were taken of other varisbles in fdomlsr clusters
for specizl purposes. In the elusters, varisbles of short period arve too
faint a0 3 fow plates of [leld sters of reriods Trom two Yo ten days vere
taken, In zddition Dr, Joy kindly loared me his plates for reexawminstion,
The new Cagsegrain spectrogravh on the 607 t@les&ap@(12) we.g

used for =1l plstes obtained by the author, Grating € and the 4% and 8%
camerss were used for almost 211 plates, In the blue region of the spectrum
these give 80 and 40 A/wm respectively. When looking for double lines =

few vlates were taken with the 169 camera giving 20 8/mm, In addition,

3 plates vers obtained at the 200 telescope, twe by Dr. Manch and one by
Dre Greenstein, Thess have a dispersion of 18 &/rm having been baken with
the 18" cawmera 2% the coude spectrograph, These plates were of great

importance in the program and I am extremely grateful to Drs. Greenstein

snd Monehe

11T, LICHT CURVES AND PHASES

Arp's light eurves of varisbles Wo, 42 end 84 are reproduced
in Pig. 1 and 2. Certain properties of the light curves are particularly
uctable, The curve of Yo, A2 showed very 1litiles scatier boeth in 1952 and
1954, The difference between deep and shallow minime of No, 84 is o4 in
m This was unchenged in 1954. ¥o. 84, however, showed much more

pgi oS
seatter about the mean lighd curve than No. 42, This may be responsible
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Fige 2. Mean Light Curve

M5 H 84
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¥hile muking speetragcopic obzorvations in 1956 plates of ¥5

were algo obbained with s dirscet nlateholder in the srectrograrh eapeeially

censhbructed for this purpose, The eonmbinstion of the long foecal length

i

and 4% x 57 glates resulds in only & swall £ield belpg available on a
plate, There are no stars bright enoush in the immediate vieinity of M5
to obbaln ar sccurate ealibration curve sb mexisus 1light, 24ditionsl
comparisen szhars in the swall aveilable field were established from four
Fewbenian pletes taken by frp in 1952, 411 comperisen stars sre identls
fied on Fig. 4 and L. listed in Table 1. The lsck of comparison stars

ko

ne attenpt was made to obbaln 1light curves Ir

T

in m is 80 serious %ha
PE
this eolor, The plates were obbtained through Yeodsk Wratten 12 and Za

filters on 10320 plates. This approximetes m@g very closely.

TADLE

Comparigon Sters in MY

Probabis
Gtar Hoe m erTor

1 11,98 olie

2o 7 ol

wmoP W N
Py
L % B
) ©
3 £ "
g

2N
i
s
3
’w
&



Since the cyele was not completely covered, the curves need nob
ke reproduced here, The objechtive wes to delernine the phase of the varie-
ableg and vhelther or not sny changes in the stars! bebevier had scourrsd
in the two yeurs since they had been obssrved. This sort of change is

most nobicesble st minimum 1ight.

(6)

Yoo 42 shoved no change in behavior and the ephemeriz of Arp
was Tound to hold, To. 8, corbioued to show slternation et minimum of
the sswe mognibude ag before, Yo interchange of deep and shallow minima

wns been chasrved for this sbar for four years. The ephemeris given by
ﬁfp(é} was epoch of maximom JoDe 24340979 + 26,4945 days. TUncertainty as
to the mumher of periods gince the previous cbserved maximuin led to the
other possibilitice of the pericd being 26,531 days and 26,458 duys,
Afber his photoelectric obseryations in 1254 Arp changed thesz elements to
JoDe 2434901.8 + 26,62 dnys. The 1956 obgervations do not fit this
ephemeris. OCombination of the 1952 and 1956 data yield J.D. 2435669.33 +
26454, days Tor mewimum light, This has been used to deternmine the phases
of the spectroscopic observations. The diserepancy in Arpls 1954 obsere
yations can be explained in two ways. Most likely the sbar acted peculisrly
as RV Teuri stars sre prone to dos or possibly the proximity of this sbar
to the cluster center makes it unsuitsbls for vhoteoeleectric observations
due to the background cluster 1ight.

The best light curve of TV Cap is published by S. Gaposchkin'''),
ard is shown in Fig. 3. In order o determine the phase in 1956 Hr, Thomas
Cragg kindly made a series of visual observations with the Mt, Wilson
6% rafractor, By observing the star on the rapidly rising branch of the

. %
1ight curve, Cragg obteined a good epoch of maximum, J.D. 2435636.6 * 1
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which combipnes with Gaposchkin's weximum to yield a period of 28,556 days,

1

fecording to Caposchiin the pericd of TW Qep bas Leen decressing ab the

E 3

pute of about 1,7 days per 10060 years which 1s ten times the rate of

decesage of U Vir. This star is presently being observed photoslectrically

by both Jaschek end Gescoligne bual thelr resulls are nol available as yet.
Partial speciroscoplc coverage was obbained for M3 Noe 154,

2 Woe 11e The 1ight curves of thege stars are shown in

, . . 5
Figse 5w7s Fhuses ave coumputed using Arp's’ }

H10 Hos 2¢ ARC
ephemerides checked by a

few direct plates teken in 1937 except for M2 Noe 11 for which the light
curve was completely redetermined in 1953, %%55{ 3 and again in igﬁ&{%£§

ght curve ig of the best guality and is used here. Auong the

z‘,}\

The 1953 1

{leld sters, spectra were obbeived of four, W Vir was taken for comparison

(7) light curve is shown in Fig. 8, The other stars

studies, 4rp's 1954
are AL Virginis, period 10,30 days; UY Camelopardsliis, pericd 6,16 dayss
and UY Eridani, pericd 2,21 dsys. These 1light curves sre shown in

Figse 9=11, They sre taken from Mre. Ce Fﬁyﬂﬂ“agﬁﬂﬁﬁhkiﬁggﬁ}ﬁ Egkar{16)’
anfdl S. @apaaeﬁkin{jT}, o light curves will be shown for stars disoussed

only briefly from material in the Mb, Wilson Observatory files,

V. THE SPECTROSCOPIC OBSERVATIONS

411 usable pletes obtslned in 1956 and 1957 are listed in
Table 2,

e ™ AR e ; - » LU FO1 N e A )
The ilsgpersions assosioted with the plate numbers ar

Tps B0 8/am5 Ny 40 Afm, X, 20 Afemg P Py 18 Mum
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TABLE 2

Mid exposure

Star Plate o JeDe 2435 ¢ Cyele £ Pusse
M5 Ho, 42 Xp 1281 524496 121
iy 1332 55349 2435
Xs 1341 554495 2439
X4 1417 570629 2499
X@ 1428 572,90 309
Xﬁ. 1547 593,75 2.90
X, 1561 601,81 La2t
X 1568 603,83 4456
Xo 1574 612,83 463
”if. 1582 614488 hel2
Pﬁ 2635 62284 5.03
X, 1653 631,25 535
X 1662 633,75 5e45
}i‘,f 1814 657,73 6438
X, 2488 904095 15,98
M5 Ho. &4 X, 1251 511,98 1406
X, 1260 512.98 1,09
Xp 1277 522496 To&T
Ey 1423 571490 3.32
Py 2587 592,80 411
Xe 1548 593,88 4elb
X_ 1556 596.83 he26
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TABLE 2 [contimed)

1559
1564

, 1578

1585
1651
1656
b5

1676

59775
608,79
613,83
615.85
630,79
632,75
634,479
636,79
65173
651,75
653,73
E56,.75
638,73
905,90
909, M
932,90

F35.83

608,96

631,90

i
ik

32,90

¢
635,85

430
4871
490
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TLPLE 2 {Continued)

X, 1803 654,483 3461
Xp 1818 658,92 3478
%, 1823 665,08 4400
%, 1827 671485 423
Ly 1841 673485 430
X, 1936 735,71 647
X, 1945 736,73 6450
X, 199 756 66 7,20
Rﬁ, 2012 761463 7438
%, 2607 953498 14410
X 2614 954 498 14414
Kf 2638 98092 15,06
Bp 2643 983,97 15,16
X, 2656 993492 15451
X, 2667 995,92 15,58
X, 2675 997,90 15465
T Mon X, 1129 501 «81 1e48
X, 1148 502,79 1452
X, 1190 507,79 1,70
X, 1235 509,79 1,78
¥, 1250 511,85 1,86

Xp 1276 523,77 230



¥ Vir

¥2 Yo, 1

TABLE

£ 133
Xp 1346
X4 1416
ﬁé 1423
L9 1426
Xp 1545
X, 1551
X, 1555
X, 1558
Eé ?5%%

%, 1422
X, 1546
X, 1581
%, 2475
Xp 249%
e 2502
X, 2514
X, 2636

X, 1815
X, 1961
X, 2004
X, 2083

2 {continued}

553,73
554473
569467
571465
572,63
593465
594 465
596,463
597 65
601,65

571,71
503,68
614472
890,94
90577
908,83
909,81
580,75

657,92
737,67
758430
7T

340
3ebh
5,00
507
5,10
5.88
5692
5699
603
6,18

1404
2431
3.53
19.63
20,42
20,60
20,66
24,76

4636
497
5.37



W3 Hoe 184

HiO Yoe 2

AL Vir

Y Can

Uy Bri

Xf 2515
X, 2559
Lo 2567
X, 2609
X, 2673

X, 2557
X, 2566
X, 2598
X, 2604
Xp 2608
Xp 2635

Xf 1959
Xo 1996
Xf 2005

- 23 w

PABLE 2 {Continued)

953.80

993,77

909,93
932.96
93377
954478
997,77

932,67
933.M
4375
95367
954467
980,69

736,97
756488
758,92



Yo RADIAL VELOCITIES

All plates vere measured for radial velocity in the usual way by
comparison with an iron spectrun impressed abt the spectrograph, The lines
used depended upon the dispersion., Laboratory wavelengths were used and a2
few geemingly unblended lines were discarded because of large regiduals,.
Tests of the four inch camers by %@aﬁaek(ig} show that the camers generally
gives very good radial velocity results for standerd stars except in s
few geattered cases when a plate would show a diserepancy of up to fifty
kilometers per secord, This has beenm carefully discussed by Bonsack and
myself and we agree that with the very wide slit of this spectrogresh s
bright stendard sber, which needs only one or two fast traile for adequate
expogure, may easily be guided up one side of the slit and thus give an
incorrect velocity. This is no problem for long exposures. Seven plates
of velocity standards in different parts of the shky w&ra\t&kﬁn with the
8% comera. Six of these were very close to the accepbed velocity and one
was off by 10 km/sec. Wo veloeity tests of the 16" camera have been taken,
The most important peint here is that plates taken with four different
cameras on two telescopes fall on smooth curves. The probable error of

the mean velocity is about 4 kn/sec at 80 A/mm and 2 km/sec ot A0 Afmm,

A = The Velocity Curves Drawn Continuously

The drawing of welocity curves depends upon the presence or nok
of double lines near light maxiwum. These are not resolvable with a dige-
persion of less than 20 A/mm. Since most population II cepheids are so

faint that high dispersion plates are an impossibility with present
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equipsent. I will first digcuss the availsble materisl from the point
of view of continuous velocity curves even if double lines have been
obgerved, This enshles a fairly lerge number of stars to be discussed
together. Since future work on fainter varisbles will be linited to low
dispersion, compsrisons can then be made with the continuocus veleeity curves
shoun here for the brighter stars.

The veloeity curves of the absorption lines are ghown in
Figs, 12«21, The curves for ¥5 No, 42 and Wo. &4 and TV Cap are drawn
gntirely from spectra listed in Teble 2. The curve for T Mon is from
ﬁaﬁf@td(Tg}. The curves for ¥3 Wo. 154, ¥10 No. 2, W, Virginis, ¥Z Cygni,
AL Virginis, and AP Herculeg are from Joy (1;2,&)0

The first four curves and that of ¥ Vir are the btest determined,
M5 Noe 42 shows s smooth curve vhiech correlates with the regularity of its
light curve. The falling branch of the veloecity curve is very rapid
corresponding to the rapid rise in the light eurve. The wveloeity amplitude
is 40 kn/sec,

The RV Tauri star ¥5 Bo. 84 shows strikingly different behavior
than Fo, 42 which is in the sume cluster and has slmost the game pericd.
034 and even eycles are drawn sepsrately in Fig. 13 There is 2 difference
of sbout o3 in the phase of the falling branch, There is no doubt that
this is reals Tt was strongly suspscted on the basis of the 1956 observations
and confirmed by two plates specially taken onm each of two successive
cycles in March and April 1957, When the veloeity declines lale the
gecondary maximum in the light curve is strong., This must indicate that
thig is the real maximus of the star and thet after & deep ninimum the new
Sw velocity amplitude

wave or surge of zas is labte in :

is 60 m/sec, but it is no more than 50 in any one cycle.
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Although there are g largs number of plates available of TV Cap
the eurve is poorly determined due probsbly to non-vepstition from cycle
te eyclee This non-repetition is not a regular alternation of odd and
even cycles as 1t is for M5 Nos 84. The velocity amplitude is aboub
40 Ym/sec,

The veloeily curve of the classical cepheid T Mon is discussed
in detail by S&ﬂfﬁfd{?g)g It ig very closely the imege of the light curve
which is characteristic of clagsiesl cerheids, The fall is rapid corres-
ponding to the rapid rise in the light curve. The vsleocity amplitude of
the neutral iren lines is about 50 lw/sec, while that of ionized strontium
is close to 65 lmfesec, The matter of the velocity differences for different
elemonts and lons nobed by Sanford will be discugsed later,

M0 Hoe 2 hes & very large smplitude, 80 lm/sec, but this depends
up@ﬁ enly one plate of Jay, ¥ 1456, which showed a velocity of + 109 lm/sec
avd is & plate of good guality consideripg the low dispersion, 110 &/ mm
at HY. If this plate is spurious the amplitude of the veloeily curve
is st411 70 km/sec vhich is guite lurgee Otherwise, the curve appears to
be siniler to the other stars.

Both AL Virginis and AP Heroulis have veloclty curves with an
smplitude of szhout AD km/éee and not boo different from sinusoidal in shape

bub possibly with sharp corners, Their light curves are similsar also.

B = Double Lines snd Discontirmuwous Velocily Curves

It is at this point that the presence of double lines must be
n
discussed. Their presence in W Vir is well know, and they may be considered

as one of the important differences between population IT and classical
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cepheids, The presence of double lines in the clasgsicszl cepheid X Cygni
has been reported by Eraftézg}g but the appearance of the spectrum at the
vhege of doubling is completely different from that of ¥W Vir.

There is no question as to the presence of double lines for
M5 Hos 42¢ They were first noted on Xﬁ 1417, which required an exposure
of 14 hours., This was done on two successive nights during which the total
ehange in phase was .05 which is sufficiently short. Plate Fé 2635 obbtained
by Munch is of excellent quality and shows that nearly all strong unblended
lines ave double,

Two Palomar plates of No. 84 fail to show double lines. P, 2587
wag taken at the phase at which they vwere to have been expected, The
strong lines are exbremely broad btut are definitely not double, This plate
was taken gt 2 late meximum when, according to Fig. 13, the amplitude of
doubling is expected to be less then for an early maximam. An abttempt to
get a plate on the other cyele wag frustrsied by the weather. Now Abt(21)
in hig study of the RY Teuri star U Monocerotis found line doubling of only
sbout 35 km/sec, This would be at the very limit of detectability at
18 A/mm especially if the lines had appreciable intringie width, Consider=
ing this and evidence to be presented in Seetion x~g’ia the figures that
follow, the velocity curve of M5 Wo, 84 will be shown double with as small
an amplitude of doubling as appears reasonable,

Double lines svppear on only one plate of TW Cap, X3 1823, obtained
in 9 hours on two nights on Mt, Wilson. The presence of double lines does
not aseist in drawing 2 mesn curve through the badly scattered points.

Thus double lines are present on shtars with either the W Vir
type light curve or the M5 Fo. 42 type light curve., I will now assume

that the other stars with a peried greater than 15 days would slso ghow
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double lines if it were possible %o obbain plutes of sufficiently high
dispersion. To determine the duration of line doubling is extremely
diffieult observetionally. While the presence of double lines can be
discoversd at maximum light, any determination of the time st whick double
lines first sppear invelves high dispersion work at the vicinity of
winimum light when the star is at lesel » megnibtude fainter, T will draw
the curves under the assumpiion that double lineg sre present during the
declining braneh of the velocily curve as 1s Inown to be the case Tor ¥ Vip,
There is at present no evidence for douvtle lines in gtars of
period less than about 15 days. The veloeity curve of AL Yir does nob show
a rapid decline typlcal of sbars with double lines. This star is bright
enough thet & search for double linss is well within the realms of possi-
bility, and such a geavch would be importent even 1¥ 1t ylelded negative
results. The veloeiby differences belween hydrogen apd meutral iren in
T Mon can be interpreled as indiecabing double lines svre present but blended
or somehow ¢bscured, Rraftls discovery of double lines in ¥ Cygp and certain
spectrophobometric evidencs Yo be presented later suppert thise I will
therefore show T Hop with & dilscontinuous velooily curve alsce

The digeontinuous veloeity curves are shown in Pig. 2230,

¥1, TE ¥ VELOGTIY OF THE STARS

5&3(8) first noted that in the mesn the cephelds in globular
clusters had the sawe mesn veloelly as the cluster in which they were found
10 km/sec, This is of the greatest importance when integrating the dig-
continuous veloeity curves, In order to determine the Z valocity of the

stars in ¥5 all possible dats For the velocity of the cluster were agsembled.
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Four low dispersion and one higher dispersion plate of Mayall are availe
able(zz). Three plates of individual red giasnits in the cluster have been
taken, two by Oe C. Wilson and one by A. J. Deutsch who have kindly loaned
them to me for velocity measurements, In addition one plate of the inte=
grated light of the cluster was taken abt the 60% Cassegrain spectrograph
using the 4" eamera, These date are summarized in Table 3,

It is not obvious how to combine such diversified material, The
mean velocity was computed using three weighting methods: 1) all of equal
weight, 2) integrated speectra given double weighty 3) weights assigned
inversely to the probable errors., The vesulting means sre respectively
84y 55 and 55 km/feec, This is quite gratifying. The median veleocity of
M5 Wo, 42 is + 57 nfeee, and of M5 No, 84 is + 54 km/sec, Considering
that the expected devistion of individual gbars in a globular cluster is
roughly 6 km[éeaégﬁ}; it seems very likely that we are observing no syste=
motic invard or outward motion in population IY cephelds greater than a
few kilometers., It can be safely stated that ?, = 0 + 6 km/sec; to pin
this down more accurately would invelve & very extensive program of

cbheervation,

Vi, DISPLACEMENT CURVES

Ye now have the necessary information to construet displacement
curves for the gtarss This is done most easily by numerieally integrating
the veloclty curve 2t intervels of 05 of the pericd. It seems best to
assume symmetrical expansion snd contraction as was concluded in the previous

sachion.



gsyeid ¥ Jo usew

&°z
[ 4
1%z
%L
&
pat

LP67 «
G285 ¢
GG &
1786 +
19+
GG *

08
8¢
8¢
8¢
o€t
9y

pejealiequy <
891 pasuaey
2Ll pasuxsg
Lz=pT ady
pejuadsul oK
pageaBequr ¢H

cosz %
63 °d

o
983 d
102 4

upeysaeTIen
HOBTLR
UOSTIN
gosqneq
Tisdey
Trefen

SHIBWOY

)
o mmu%

AQ@W\%MW

AqT00Teh

(/)
wopsaedery

go0fq0

ol gﬁﬂm ,

ASAIDEYD)

S Jo Lg1ooTsp TELPEH eyl



There is mome question as %o the meaning of this sort of intoe
gration. If the absorption lines ave formed in the same layer throughout
the cycle of cbssrvation then it is mesningful to say thet the integration
of the velocity curve yields true displacemerts, If, however, ve are
looking at absorption lines that are formed at varying depth in the
abmosphere throughout the aycle the situstion bescomes more dubiocus. IF the
veloeity is the seme throughout this depth then the integration still has
full meaning, Thls has been considered by‘ﬁhitﬁ@y(zé) whe conciudes that
for c( Capheil and v) Aguilseit is legitimats to integrate the radisl
velocity curves.s For W Vir Abt finds from studying the lines that the
continuous opacity varies by az much sz a factor 200, This is 2 non=
nogligibtle factor btut 1% is nobt cbviocus that the procedurs must be sbandoned,

The question of comparing radius results derived from the lines
with regults derived from the eonbimmm [{.6. the colors] is a mich move
dublous proposition and will be discuaszed later,

Integrated radii for the velocity curves of Filgs. 22-30 are shoun

A surface velocity of 24/17 of the radial veloeity was used(25),
in Tiga. 3139, /Hovever, if the lines ave formed in a ghell that is far
above the photosphere it is wrong to introduce this factor and the changes
of radius shoun here must be redueed by the factor 24/17. In studying
U Mon Abt(zi) chose not to use this factor, Where the radii appear to
cross the old eycle is drawn in with a dashed line, Whether or not there
is an aetual penetration of shells depends upon the chosen model, This
will be discussed In Seetion X-D,

Table 4 lists the velocity amplitudes and radius changes of
Figse 22=39. Also included are two typleal eveles for U Mon. These have
been corrected by the factor 24/17 to make them comparable with the other

stars. The data show no correlstion with period, The two BV Tauri stars
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show a greater sxpension associsted with a deep minlmum, The difference

is preater for U Mon than M5 ¥o. 84 as would be expected considering the
much grester degree of slternation of light of U Mon. The elassical cepbeld
T ¥on cannot be distinguished from the population II cevheids on the basis

of digplacement if the veloeity curve is drawn discontinuously,

TABLE 4

Veloecity Amplitudes and Displacements of Cepheids

Velocity HMean
Period Amplitude Displacement
Star {days) (Ym/see) ( ‘%ﬂ%é o) Remarks
U Mon 46 30 7 ghallow mine
U Mon L6 40 52 deep mine
™ Cap 29 46 37
T Mon 27 59 35
U5 dHoe. 84 27 55 3 shallow min,
M5 No. 84 27 62 55 deap min,
M5 Woe 42 26 45 28
Mz Cyg 21 59 35
M10 Hoo 2 19 85 43
W Vir 17 54 26

M3 No, 154 15 55 23
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Virtl, PUCTCELECTRIC RESULTS

A = Effective Temperstures and Badii
and-

Arpts photoslectris ohservations of ¥ ?ir?\%§ Hos. A2 and 84,
desorve further analysis than he gove them in the 1izbi of recent work om
the interpretation of photosleetrie g@1533{25)§ Yging the work of Bonsack
et alsy it Is possible to derive the effective temperature and electron
pressure from the P-V and U<B of a star of type A or ¥, Plgure 40 is the
same as Fig. 2 of that paper with further points computed by Tifft and
myself, ¥ach point is labeled by log Pé above and ﬁé below, Lines
of constent log P, and 8, in the B~V, U-B plane are shown. For large
values of Q§ line blanketing beging to tzke effeet but this is not of
grest lmportance for spectral types esrlier than ¥5 and it will be shown
later that except for W Vir these stars do not get later than ¥5. Onee it
ig possible to eliminate the effeect of the elsetron pressure on the cclors,
Stefan's law can be applied to obtain absolute radii, This is essentially
the sbsolute photometric method used by Whitmey %), From the effective
tenperature the bolomebdric correction is obtained from Kuipet{z?}. The
abgolubte magnitude of the M5 variables is known, assuming the BR Lyrae
stars are at ﬁv = 0,03 and the sbsolute magnitude of W Vir can be obtained
by considering it to be the same as similsr stars in globular clusters,

The results are shown in Tables 5 and 6 for W Vir and M5 No. 42 respectively.
The eolumns show the phase, reciprocal effective temperasture, log of effec=
tive electron presgsure, bolometric correetion, and radius in units of the

gun's radius. For ¥ Vir the colors are toc red between phases .50 and

+70 for interpretation by this method. This analysis yields that ¥ Vir
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varies from 30 to 55 solar radile This is a displacement of 17.5 x‘?Gé ke

This is less than the integration yielded ss is expected since photoelectric=
ally we are deasling with a coptinuous change and cannob trace two layers or
shells simultanecusly. 5 Ho. 42 varies from 51 to 868 golar radii, This

is an smplitude of 26 x ?@é Hne, which is essentially the ssme as

28 x 396 Kn, obbained by the integration method, Arpts daia for M5 %o, &4
are incomplste bub a little Judicious extrapolation cen give at least an
indication of the radius at winimun radivs and 2t maximum redius of a deep
eyele, The result is a varistion from 4% o 79 soler radii, i.e.; an

amplitude of 26,7 x 3@# K.y which is the same amplitude as for Ho. 42

TABLE 5

Interpretation of Photoslectrie Colors of W Virginis,

Phase 8, log P, BuCe R/R
#C0 0.83 + 0.8 005 3643
05 2,87 * 05 10 FAIR
o10 0,90 + 063 15 4548
«20 095 - 0.3 o2 5243
+30 De96 - ab 026 5446
40 1.00 - 1e2 33 5446
50 100 + Dol $33 3849
+25 0.92 ¢ ol #16 3149
<90 0,85 + 0.7 .08 29,8
«95 082 + 0.9 oO4 31.8
.53 0631 + 0o 03 3462



TABLE 6

Intervretation of Photoelectric Colors of M5 Hoe 42

Phase Ge log Pe B.Cy R/R
00 W72 + 147 o1 5ke2
10 +80 + 1.0 «02 5740
«20 «89 + 0e2 13 701
«30 95 = 043 024 80.9
o40 1400 - 06 32 87.0
<50 1.03 - 0.8 k2 88,0
0 1.05 « 1,0 &7 8146
70 105 - 045 b2 T35
+80 1.00 0.0 32 65,8
85 092 + Ok «20 573
+90 «86 + 06 02 870
95 73 + 1.6 01 5147
98 70 + 2.0 05 51,0

B = Surface Gravity

The next important quantity that must be determined is the surface
gravity. The simplest method 1z to consider the deeceleration of the veloeity
curves This sssumes that other forees on the meterisl are much smaller than
gravity. These forces are probably hydrostatic or turbulent forces that
tend to support the msterial, and will be a minimum at maximum radius which
is certainly the best place for this methed of determination. Thus, gravity
determined by differentiating the velocity curve will be a lower limit. 1%
is also importent to note that this wvalue of gravity refers to the region in
which the lines are formed. The resulbing gravities ares W Virginis, 9.5 dynesg

M5 Hoe 425 Lok dynes; M5 Wo, 8L, 6.1 dynes.
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A completely different way of determining gravity is by using the
eolors, Using the values of q@ and log ?g derived shove, one can enter
Sanéage*ségg} Fige 3o It seems best to use log A = 4.2, This yields
g = § dynes for M5 Noe 42 at maximum radius and g = 10 dynes et maximm
radius for W Vir. For Y5 Ho., 8, the value of g cones oub too high by a
factor 10, This is probably due to extrapolation of already questionsble
eolor observationse The fit for the other two stars is remarkably good.

Tt might be expected that applieation of Sandage's caleulations
0 thege stars at minimum radive would show an incresse in gravity correse
ponding to changes in radius noted above, i.e. an increase for W Virginis
of a factor 3.4 and for M5 Yo, 42 by a factor 3.0. By using Sandage's
ecalewlations for W Vir the gravity st minimum radius is up by a factor 250
and for M5 Hoe 42 it is up by a factor 10,000, as compared with maximum
radfusl It is concluded that something is seriously wrong.s The ultra-
violet excess, which may well bs caused by the collision betwsen layers,
can account for abont & factor ten, Some possible explanations of the
remaining diserepancy are:

1) The values of 8, and P from the simple models of Bomsack et ale
do not apply or are zero pointed wrong for this type of star,.

2} Sandage's calculations do not apply to this type of star,

3} Tuiper's bolometric corrections do not apply to this type of star.

L) At cevbain phases we are looking to much greater depth in the
astmospheres of these stars than we had previously supposed. This
would mean that near maximum light we are looking through an infelling
shell like layer onto an expanding photosphere characterized by the

ocbserved colors. For ¥5 Ho. 42 at ninisum radius these colors correspuond
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to a main sequence AB gtar with an ultra=viclet excess of .1 mage
In my opinion this can be only partly the case. It is difficult to
ses just why the colors do not yield 2 smaller radius and higher
temperature at this phase, It would be surprising if the work of
Bonsack et 2l. and Sandage referred to above applies accurately to a
pulsating atmosvhere in which we look at light from two layers

simzitancously.

¢ = The Hasses

If we can congider the gravity obtained at maximum radius to be
meaningful we can compute the masses of W Virginis and M5 ¥o. 42 Using
the gravity and redii listed above the wass of W Virginis is 1,1 sclar
magses snd the maesof M5 Hoe 42 is 1.4 solsr messes. fArp has derived the
radive of W Virginis and obtaing 90 solar radil at meximum but notes that
this doss not obey Btefan's Law, Vith this radius and a gurface gravity of
10 dynes the mass comes out to be 2,95 solar masses. For M5 Wo. 84 using
the value of gravity from the deceleration st maximum radiug, 6,1 dynes,
the mass is 1.8 solar massess Since Arp's radius for W Virginis of 90
solar radil seems Yo be too large we conclude that these stars have masses

in the interval of one Lo two solar mausss,.

D « The Periocd -~ Dengity Relation

It 1s instructive ai this point to digcuss the period density
relation, This relation is at present the most succegsful link between
theory and observetion for the classical cepheids, The peried density
relation states P é%ﬁm =0 where P is the pericd, ;; i3 the mean

density and @ is & constant. Sktated in terms of the guantities we have
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R 3
been discussing, the relation is P\/ %\ (2)" =o. Epstotn’®) has

ghoun that integration of the pulsation eguation for red giant models
yields Q = .041 days if ¥ and R are in solar units, At the time of
Epstein's work the empiricsl peried density relation for classical cepheid
yielded Q = (09 days, However, with the change in the zerc point of ithe
?‘a;;;»mmmaaity law ’islhiimey(% ) has pointed out that the empirical pulsction
constant for 5 Cepheii and 57 Agullaénow should be 043 and 048
regpectively, Sandage (28) has shoun thet the pulsation eomstant for RR
ILyrae and for the cluster type veriables in M3 is 041 days under certain
agsumpbions, namely that the messes are 1,2 solar masses, 35_? = 0,0 and
that RR Iyrse is reddensd by .12 mag (Cel.)e
For population IT eepheids the use of the period density relation
is hampered by the faet that we are sure of only one of four quantities in
the equation. Tt seems best to proceed as follows. For masses between 1
and 10 solar messes we compute the necessary radii to satisfy the relation
for each of the three stars for 0 * 041 and .09, The results ave shown
in Table 7. We now look for reasonable combimations, We went R/R
to be 42 for W Vir, 70 for M5 Noe 42 and 60 for M5 No. 84, If ue assume
that the masses are sll the same 2 possible solution is
0 = <041
§§/§g§@” 1e4
E/F@ = 7.5 for ¥ Virginis,
62,0 for M5 Ho. 42
and 63,0 for Hoe 8k
in interesting solution is ggﬁsﬁ@ = 2,0 for all stars. This yields the

proper radius for M5 Wos 42, 695 Ry & bit too large a radius for Ho. 84,



§/?@ as & Funchtion of Mass and Pulsation Constant, 0.

w68 =

TABLE 7

¥ Vir

M5 Hoe 42

M5 Yo 84

ggfm@ 0= 04 0= 09 Q=041 0=,09 Q=04 = ,09
140 42,3 2540 5540 330 5640 33.5
1e2 4540 2665 58.5 3448 595 35:G
Tob 5745 2840 6240 3645 6340 37.0
146 4945 29.0 bhe5 3840 645 38453
148 5165 30,0 670 5965 68,0 40,0
240 5345 3.5 69.5 5140 7045 4240
245 575 3440 750 bb o0 7645 45.0
3.0 140 36,0 7940 4645 8045 475
3¢5 €hes 38,0 84e0 4945 85.5 5045
L0 6740 39.5 87,0 51,0 8845 52,0
4a5 7040 4140 910 5345 9245 5445
5.0  73.0 4340 950 56,0 970 57.0
560 7740 4545 100.0 59,0 1020 60,0
740 1.0 L745 1050 620 10740 6362
€.,0 85.0 5040 11140 6545 113.0 67,0
40 88,0 5240 11440 67,0 1160 69.0

1040 9140 5345 118,0 6945 1200 7140
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and a radius that iz considerably too large for W Vir. However, a pulsation
consbant of 057 yields the desired radius for W Vir, That W Vir might be

- g ons . - , 2
desceribed by & larger pulsation constant is nol unreasonable. Epsteﬁﬁ( 9)

wints out thet the existence of a desp hydrogen convechlon zone would tend

gl

to increass the pulsation constant. Jow ¥ Vir is redder and »4s an sppree
cisbly later spectrum than the M5 variables and thus might well have a
deeper hydrogen comvechion zong. On the obher hand, the pulsation eonslant
conld be kept the same for all stars if we permit the masses to differ,
if we give W Virginis 1.0 solar masses and M5 Ho. 42, 2.0 solar masses
and keep the pulsation constent at 041 the redil come out as desired. It
is reasonzble to say that these stars may be losing mass from thelir pulsa=
ting shells and thus all population II cepheids do not have The same mass,
This would mean that W Vir is an "old" cepheid relative to M5 Ho, 42
These radii and masses were ccmputed onm the assumpbion that the
absolute magnitude of the BR Lyrae stars is 0,00, If this is not correct
the effect is quite appreciable, For example, if m . = * 0,60 Tor the
BR Lyrse stars then the radii compmuted shove must be reduced by e factor
133 and the magses reduced by a factor 1.8, This is sboub the neximm
change in the absolute magnitude of the RR Lyrae stars that ecan still give
reasonsble results here,
Further speoulation on the basis of the perled density relation
hardly seems warranted on the basls of the present dabta. It can be seen

that good three or more coler photometry on more eephelds ls badly needed.



I, SPICTRAL CLASSIFICATION AND COMPARISOR®

4 « Classification

One of the primary purposes of this program was the speetral
clagsification and comparison of as many populstion II cepheids as possible.
In order to get the best possible accuracy in elassification and giving due
congideration to the faintness of the stars, the speetra talen with the
&0% were widened to between 20 and .30 mm, on the plate, A& wide net of
standard stars listed by Jobnson and ﬁorgaﬁcgﬁ}'aeye taken with the same

eguipment and comparisons were made in the usual way on a spectrocomparator.

The population IT ecepheids do not fit the standards nearly as
well as the classical cepheids do, Thus, clasgificetions are a compromiss,
Generally, the hydrogen lines heve not been used due to thelr exeessive
weakness and tendency to go into emission at certain phases. This is very
unfortunste and detragts considerably from the sccuracy of the classificas
tion; since the hydropen lines are particulerly useful in the classificss
tlon of F Stars,

A further difficulty in claseification of the speectra of these
gtars is the varisbility of the opmeity. Abt has pointed out that the
continous opacity in the atmosphere of W Vir varies by a factor 200,
During the phases between maximm extengion and minimum light Abb has
ghowm that the excitation and effective temperature for W Vir are decreasing
while the electron pressure and hence the opaeily are inereasing. It might
be expected that the increasing eleetron pressure would mske the spectrum
appear similer to a standard ster of lower luminosity, i.e. if the spectrum

were 78 Tb at meximmm extension it might be GO IIT 2t minimum light,

# It is vequested in the following sections that the typographicsl error
of subgeripting the second letter of element symbels be excused ratber
than reguiring thet the remsining part of the thesis be retyped.
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However, for example, for M5 No. 42 the ratio of TsIT and F@ 1T %o

?a I does not change in the direction of a lower luminosity class bub
rather all the lines ave weak at minimm light. This can lead to systemstic
ervors in classification as a function of phase which are almost impossible
to slininete, Thati is,the changes in temperature of a star cannct be
determined merely by comparison of the spectra with MKE standards when

the starfs opseity is highly variable,

The internal accuracy of classification is probably aboub two
spectral subclasses., 1 doubt if any errors exist as large as five spectral
subclasssse I have classified a large number of spectra of population II
cephelds in the Mt, Wilson files, These have a digpersion of 75 and 110
Afem at ﬁg. A comparison of Joy's classification and mine shows that I
clapsify systematically early by an aversge of three spectral subclasses.
Comparing a group of glant and supergiant spectre elagsified by Adams et
al.(31) with the same stars classified by MHorgan and his collaborstors,
shows a mean difference of .15 spectrzl subclasses between the Mb, Wilson
and MKX systems for thisz type of star. Thus the remaining .15 difference
mast be atbtributed to personal error and difference of lines used by Joy
and myself,

Table & lists the most important data for each star., The list
includes the clsssical cepheid T Mon, the cepheids in elusters, and finally
the population IT cepheids in the general field, Within each group the
stars are ligbed secording to period. For each star the sarliest and
latest specbrum obgerved is listed followed by a statement as to the
presence of hydrogen emissions For ten stars the materisl available is
gufficient that a more complete disecussion 1s necesssry than can be listed

in & single Yremarks® column. These stars will be discussed nowe



TARLE &

Surmary of Spsetral Types and Emission Line Intensitles

Periocd Terliest latest Hydrogen
Star {Days) Speectrum Spectrum Fuission Remarks
T Hon 27 4 s Yo Typieal eclassical
cephelid; see discussion
M2 o 11 34 ¢ o O later pregent Srectrun micght get
later tham G, during
8 deep nine
M5 Yo 84 27 %’é % wregent gee discussion
M5 Ho. 42 26 }?‘5 resent see discuseion
M0 Yo 2 19 i‘%@ strong
¥3 Yo, 154 15 % strong
i3 Yo, 1 165 ¥, )
T Cap 23 ‘?ﬁ‘&“ present ses discussion
Mz Cyveg 21 %5&5 7 see discussion
W Tir 7 G o very gtrong see discussion
AP Her 10 %"5 or later He Soeetral range may
bs preater
A% Vir 1o ‘?’z_; o see discvssion
; , pericd may be wrong,
Uf Cau o2 o3 fo ses discussion
Y yr Re2 ;?ﬁ or later Ho gpeatral ranpe. may
be greater
Y Eri 2e ,&5{?} ?2(?) lo see discussion
BL Her T3 F ?

3
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T Yonocerotisy This star is a typlcal classieal cepheid of
E’ggeu's tyre Co The spectrum was found to vary from F8& Iab to XOIb about
ag described by Code{'g 2). The effects described by Struve 3) are ¢asily
regognizable on these plates, The hydrogen lines sre as strong as FO at
meximuom light and certain ionized lines are abrormslly strong just befors
maximim, T Mon was chosen as o compsrison star bub its spectrum is so
different from most of the stars discussed here that it proved %o be alnmost
uselegs in this respect,

M2 Ho, 11t Plates taken just before maximum on both cycles of
this BV Taeuri ster showed an PO spectrum. By phase .3 the speetrum is ¥5,
imong Joy's better plates the latest is G0, but the sbtar mey get later ab
the bottom of a deep minimum,

M5 Yo. 843 Just before light meximun the spectrum is as early
as A5 Ib=Il. In a cycle with a deep mininum the spectrum deeclines rapidly
to ¥4 but remains at sbout ¥4 including plates <324 A7: 62, 69 and 77
On the other cyele it becomes & little later, P&, at phase .26 and then
gets earlier againg becoming F5 abt .30, ¥3 ab 60 and FO at .71, The
luminosity class seems s little lower than Ib, perhaps Ib-II, certainly
not III,

Hydrogen is seen in emission from 80 to sbout .20, Many lines
appear weak. Most nobable is Mg I, M 4481. Alse very much weakened is
N4178 of F, II and ¥ IZ. On plates of 40 &/mm these are resolved and it
is the F_ II component that is weaks The effect can be seen st X 4297
of ¥, II, but not nmearly as strongly. » 4172 of F, Il end Ty IT is slso
weakened. Agaln the plates at 40 A/mm indicate that it is the }?8 11
component, that weakenss Of the other lines of T IT mulbiplet 27, X 4417

weakens but to s lesser extenty A 4233 does not shov the effect but may
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be supported by an ¥, I iines A 4352 1ies betwesn HY and thc mereury
emission line A 4358 and is difficult to Judge; N 4303 and N 4385
are badly blended, Also often weakened sre }%éﬁég and other lines of

?é I multiplet 152, This is probebly sn indication of the leow dron excli-
tation temperature., The %éﬁ I mm@i&&?ﬁ% shows considerable weslening,
Heither ﬁ? I nor %g 1T can be seen to be portleularly weak in this star,

H5 Woe 42: The speetral type just before meximus light is 46
Ib«II and declines to F5 by phase .35 bub gets no later, Hydrogen emission
lasts from aé&at +80 to sbout .07, Hydrogen absorption iz generally weak
for the spectral type. There seems to be z veiling of the linmes starting
at phase 60 and is egpecially noticeable uf 72,

This mey be due o the incressing opeeity bub the veiling has
ended by phase 90 vhen the wetalie lines are of type ¥O Ib and ave sharp
and clear. A%t 490 the hydrogen limes sre still veiled by ineipient emission.
Many lines svre generally weakemed, The weakness of %g TIe ™ 4481 is most
markeds Also perticulsrly moticesble is 8, IT, ™ 4320s M 4260 of ¥, I
is weak showing the leow Fﬁ I tempersture found by Abd for W Virginis mey
apply %o M5 lioe 42 alsos As din M5 No. &, the M I blend, N 40304 is
weal, Sinece thage lines are zero voll lines they could not be weakened
by the low apparent excitation temperabure bub rather would be strengthened
by ite It ig likely that this is due to g real abundance difference.

There is a slights bub not warked weakoess of ?S I

T Caprieoni: Just before maximum the spectrum is A5 The It
deelines steadily Yo P4 Ib at .38 but becomes eariier by minimmm when
it is Fﬂ‘wiﬁk weak or veiled lines, The hydrogen lines are weak when

in sbsorption, parbienlsrly just before emission begins and after it endse
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Uydropen ie in emission from sheut phase 75 to .00. At 03 the hydrogen
lines are filled in bod no emission line 1o present,

The absorption lines of thic sbar are gemerslly weaher than in
the 15 varisbles, The spectrum regembles M§ Vo, 84 more thap Fo, 42 ov

¥ Tir. This i espeeially the ease so far as the wveakneas of F% 1% is
concernads N 4V72 exd N 4178 are particularly weak throughout the cycle.
AL352 apd A 4233 2lso shou this wealness parbticulerly near maximus 1ight.
On a single plate taken in the green region of the speetrun eb phase 15
the thres Fy 11 lines of mmltiplet Wo. 42 are strikingly weak, A 4260

of Fe T is gomersily weak while the star is of the tvpe ¥F. The blends at
4384 axd L4858 containing ¥, I and other eontributors sre aleo weak,

N 4320 of %‘sﬁ II is weak on several vlates, but there lo no murked weskness
of aither of the ?:r IT 1lines, The weaknesg of the F o II lines wonld place

thig gter in luninosity class I1I; however, the ¥, I snd é’;ér 1% iines

i
sppesr shrong encugh to elagsify it as Ibe

W& Cygni: Joy's pletes show s apectral type from ¥5 Ib 4o G5 Ib.
The G berd of CH iz strong when the ster is of G type and the CF break
ab A4215 le wesk but moticeable, The spectrum is definitely later than
that of W Vir, Hydrogen is weal before maximum, but no emission lines
were Gotectede

W Virginis: The spectrum of W Vir has been deseribed slsc=

? et 74 ? :\‘ . R .
(135 (905 {3;5 and it was not the purpese of this work to anplify

where
abbts work, Neveriheless it seens worthuhile briefly 4o deseriba the
spectrum of W Vir as it appears at the dispersion used for the other shars
so thet comparisons can be made,

The spectrum varies from ¥FO Ib et light maximum to GO Ib at

light minimume The appearance of lower luminosity in the spesetrum of



¥8 Foe 42 and M5 Fo. 84 vhen compered with ¥ Vir scems mnzling ot firet
glanes since %} is probably higher fer these twoe shars. However, the
luminosity elassification is vreslly ooly an indieation of electron pressure
snd it esn be seen in Tables § and € that V Vir does have o lower eloetron
pressure than V5 Ho. 42, and would be expected 4o show a spechtrun thet

sopeared boe be of bhigher lvminosity on the MUY systen
A7 o (4 [

ern emission lines are extrsmely stromg and last from phase

s

Sl

[
=
3

g

0 ko 10, 4t other phasesg hydrogen is weak for its spectrsl elass and
ineipient emission may be present, Helium smission at A LA was
eriginally suspected on one plate by Joy. Feliunm emlssion at )\ 5976 waz
Found by ¥Lraft on bwo of Ssuford's pletes afber T had suggeshted that he
look for it thers. The gp@ﬁ%ﬁum,éﬁﬁs net appear too different from the
standards sltbough the lines sre generelly veak. Eg Te A 4L81 is generally
guite wesk, I bthe luminosity class Ib is sssigped on the bagls of the

strength of ?@ I1 and ?i IZs then the B TT 1ines A 4215 and rerbicularly
(10)

ALOPT sve much too weak, This was noted by Abb gl interpreted as
en abundance difference of a factor five. The weakness of & YT which
Abb found to be under sbundant by s factor three Is hardly noticssble.
Haither CH nor OF iz presents |

AL Virginis: Plobes tsken in 1957 show s spectrum varying from
5 o F8 IbeIT; but the eyele was nob completely covered. Joy's plates
show o range fromw PO to P8, The spectrus does nob show any of the
peculiarities thet the other stars show and sven the hydrogen lines are
normzl for the spseirsl type.

UY Cameleopardalis: The spectyum of this ster sseme Lo vary

3

Trom A3 IIT to 46 IIT. Mo TT, N 4481 is & bit weske This star hes not



been studled very carefully photometrieally and I suspech That the peried
may be im error and that it may be an BR ILyrae type star, Henee, it will
not be conglidered further.

UY Eridani: Thils star of pericd 2,21 days is very interesting
end deserves further study then I was able to give it. The radisl veloeity
is sbout + 160 km/see and the galsctie latitude is %a; 80 it is certainly
a population IT cepheid. Three good plates at 80 A/mm are aveilsble., The

luminosity class ig II-I1I, On one plate the ¥ line of C a I1 is as late
as FO or later; the hydrogen lines are ¥5 or a bit later; and the metallie
lines are about 45, On a second plate, the K line indicates 475 C, I, A
4226 indicates A%y and the hydrogen lines ave Ph. This same wlate shows
M, 11, A 4481 extremely weak. The third plate is A6 according to the X
lines P2 according to the hydrogen lines, and ¥ " Il o~ 4481 19 again

very weak,

B = Tllustrations of the Specira
Figure 41 shows spectra with an original dispersion of 40 A/mm
taken very close to meximam light. Jome standerds sre slso shoun,
Particular points to note are: The sarly spectral types of 9% Cap and
M5 Yo 84 Spectral type close to PO for W Vir and later than 5 for T Mon.
Hydrogen emission for all variables except T Mon which has hydrogen lines

that are too stromg for its metallic line spectrum. The exbtreme weakness

of ¥, 1T, A\ 4481 in the population IT cepheids. Veskness of F, II in
T4 Cap and M5 No. 84, Weakness of the M I blend A 40304 in the variasbles,
The gtrength of ‘z‘i II in the varisbles. Wealness of Sr II, A 4077 in

W Vire
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Figure 42 shows speetra with an original dispersion of 80 Afmm
taken very close to minimum light. Stendards at ¥5 Ib and G2 Ib are also
showne Hober The gpectral types are rather early except for ¥ Vir which
ig sbout (G0, The hydrogen lines are extremely weak and the metallie lines
are weakened except again for W Vir., The G band is abgent in ¥ Vir and the
weakness of S II, N LOTT and N 4215 is notables ¥ , T 448 is
virtually missing in some stars and weak in others. The mercury emission
lines at A 4358 and A\ LOLT from the spectrun of the Loe Angeles sky arve
strong for the fainter stars.

Figure 43 shows spectra taken on the rising branch of the 1light
curve along with standards at PO IT and 75 Ib, ﬁf parbiculsr note are the
hydrogen lines. The emission of W ¥ir is much stronger than the other
variables, For M5 Mo. 42 Hy 4s almost filled in tut shows no emission,
The weakness of S, IIs A 4077 in W Vir is very marked, F_ II is distinetly
weak for M5 Ho. 84 and TH Cap, but not for M5 Wo. 42,

Pigure AL shows the high dispersion plates. Plates of both
20 4/mm and 18 A/mm have been enlsrged to the same seale and shown together.
There are many points of interest. M5 Ne. 42 is closer in spectral type
to A7 than FR, The structure of Hy in M5 Wo. 42 is particularly inter=
esting and will be discussed in the next chapter. The metallic lines in
M5 Mo, 42 are doubles, The point of particular interest heore is the ratio
of intensities of the components. It can be seen that for 8, II, X 4077
the long component is more intense while the nearby lines of Fé Is
milbiplet 43, have short components that sre more intense, W5 %o, 84 ab
g = 411 has very brosd lines but they do not appesr double. 5 Fo. 824

&t § = .34 has broad lines also, particularly smong the strong linese
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Hany week lines apoear that camnot be seen st § = .11, The spectrum of
T Mon st maximum is very similar to ¥ Cygni. Hg is much too strong.
It ean be seen to have & brosder and desepsr core than ¥ &{;uilaﬁ but lseks

the wings seen in § i%;zg,ai’ia? S, Tis A LO77 is also much too strong.

¢ = Disecussion of the Speetrs

These stars sre more inmdividualistic than the elassiesl cepheids

andl therefore groupings and correlations will be more diffienlt to find,

ek

ofes inm W Vir 3:@* IT i wesk relative to F@ 11, while in T¥ Cap the ratic
of intensities is exactly orposite.

The difference in the hydrogen lines iy the vieinity of light
maximam between the e¢lassieal and pomulation I cepheids of neriod grester
then sbout 15 days is so greal that the two types of stars ean be separabed
by using spectra of guite low dispersion,

Ho serious differsnces belween the stars In clusters and the field
gbara ecan be seen. There seems to be 1ittle, if any, correlation of
gpectral type with pericd. Emlssion seems to have z merked wmuximum smong
stars of period 15-19 days. ¥mission 1s definitely veaker among the stars
of period 20-30 dayse

imong the stays of periced grealter thas 15 days 2 marked correla=
tion betuwsen spectral bype and light curve is present. Stars with a light
curve ginilar Yo ¥ Vir, 1.6, with & high shoulder just after mxizmm) TS
8% spectral type PO at earliest., On the other hend, stars with the shovlder
occurring later reach type A5 or A6 just before maximm light. These can
be eslled TW Cap stars to differentiate them Trom the W Vir type. Tt is

interesting Yo note that both zroups extend inte the RV Tauri stars.



This separetion on the busis of early spectral typs vwas recognized before
the gpectra of MO Wo, 2 and M3 Wo, 154 were taken. One plate of each of
these shars wes then taken at the proper vhase, 1oy Just before meximunm
1ight, and the two sbtars shoved spectra as expected. The three TV Cap
gtars in the elusters lis on the uppermosh of the thres Jlines in &rﬁ‘s(f}
pericd-luminogity disgren,.

There are seversl sbtars thet are barely bright encugh For spectra
to be taken that shonld definitely prove this ¢lagsifieztion into two
types. They are 21l in the Southern Hemlsphere. On the bagis of light
curves published by ¥rs. Gayasch&ﬂnégé) the following stars should belong
to the ¥ Vir groups UX Tupi, RX Libra, and BV Normse., On the other hand
the light curve of V1077 fagitbarii indicates that it should be of the TH
Cap typs, The published iight curves of 8T Puppls and QﬁAﬁﬁnrﬁs@agiigﬁﬁy
ave indeclsive and a ghobowelrie and spectroscople study of these gtars
by Seathern Hemlsphere cboervers would be worthwhile. ST Pup iz brighter
kiham W Vir by alnost a magnitude. |

The sturs AL Vir and AP Her may belong to the ¥ Vir group but
they show no emission in the hydrogen lines and probably fora & small
group of their own, The southern star, K Pavonis, may be a mewber of
this group.

As hag been previousgly pointed ﬁ&%ig)g the stars of the shortest
period seem to be quite closely relsted to the RR Lyrae stars.

The high dispersion plates and the plates at 40 A/mm of best
guality were measured completely in order to compile a list of elements
pregent, The list Tollows that af’a Carinae, FC Ib, and g Perseil, F5 Ib,
so closely that there is no need to reproduce it h&yeigégﬁ?sa Elements

reported te be only faintly a?@saﬁ% in ¢ Car and o Per could not be detected



m%m

bacause of the lower dispersion used heve, (onsidering the three stars
M5 Hos, 42 avd 84 and T Cap as a group the following element and ions

seen weak relative bo g Car and o Pers QQ I, &a Ti, %ﬁ I35, K 1T, and V 11,

s SPECTROPHOTOMETRY
& = The ¥Wetallie Lines

Avbt found an appreciable temperature difference between the two
speetra vhen double lines were present both in W Vir and U YMopn. The only
leﬁ@ a@ailabla %ha% is of gﬂfﬁiei&nﬁ qmaliﬁy for sp@@traﬁﬁaﬁamatry and
g%@%s @eut&& lim&a ig P 2635 of ¥Y Wo. 42, Rather than go through o full
curve of growth analyeis for = single nlate the following semie-guantitative
procedurs was adopbed, For lines that sppeared double and relatively
unblended the residual intensity at the center of esch compoment of the
line was measured, This was done for F, I, F_ IL T, I, and §, II. The
results are ghown in Table 9. The cclumns ave the wavelength of the lines
the muliiplet number; the exeitation potentials the residusl intensity st
the ecenter of the line of the violet component, Vi the residual intensity at
the center of the line of the red componenb, Ry and V/MR. There seems to
be no change in V/R  as ons gess from low to high excitation potential in
?r Is It is coneluded thab the ?, I exeitation temperature is approximabely
the same for the two layers. However, in going to F, 1T, i IIs 2nd S, Ii
the ratio changes sbeadily toward the greater line intensity of the red
component, This is shown for the mean value of V/R. For F, I it is 0,805
for F_ I it is 0943 for T, II 1% is 1e04s and for S, IT it is 1,12,
Figure 44 clearly illusirates this effect. It is apparent from this that

there is 2 substantial differsnce in electron pressure bebween the two



“g’?”
TABLE 9

The Residual Central Intensities of Meballic Lines on E’ﬁ 2635 of W5 Yo, 42

Element Hulbiplet Execitation

or Ton LR Potential v B /R
FI 4 0,00 @4V, W53 55 96
4 005 62 o719 o719
& .11 «52 67 +78
4 012 64, oS4 o76
43 1e48 +55 63 85
43 155 57 77 o7k
43 1e55 «59 68 87
41 1655 +61 +51 of5
278 2.72 «57 o718 o713
387 282 +65 73 89
Fo Iz 4233 27 2457 59 51 1416
4352 27 2.69 «59 «70 85
4583 38 2479 61 &7 91
4556 37 2482 65 T o84
4522 38 2:83 69 o Th 93
4508 38 2484 &7 72 93
*E*i Ir 402 11 057 67 67 100
Lihd 19 1408 63 b6 137
4450 19 108 70 17 91
2913 34 111 +50 A2 1,19
450 3 Telt 61 50 122
3900 34 113 49 46 1,08
4468 k1 1613 61 +50 1e22
4464, 40 1416 o6 77 +86
4534 50 1.23 58 49 1,18
4564 50 1,23 +60 &0 1,00
4590 50 1,23 7 B0 .89
4572 82 1456 .61 50 1422

4054, 87 1.68 +68 «80 +85
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TapLE 9 {econbinusd)

8 II LT i 0a 00 «50 o42 119
L2153 1 0,00 oAY o4 1,08

that
layers in/the new layer has the highber pressure tud 1ittle difference in

temperature. This is just the opposite of 4btts firdines for ¥ Vir as
shown in his Table 6 and Pige 9« Dilution effects may be of real imporianes
heres For A 4260 of F, I, miltiglet Ko, 152, the red component is extremely
weal and wpmeasuresble. This multiplet arises from a non-metastable state
and would be weakened by dilubion. N 4481 of %g I1 shews no red component
whatsoever showing that apparently the red ﬁﬂﬁp&ﬁ@ﬁ%ﬁ are more affected
by dilution than the vielst components,

When consldering the radisl velocity nmessurements by Sanfrod of
T Monocercobis and 8V ?ﬁly@aﬁl&&gig) eareful account must be taken of his
Flgureg 1 and 2 which show the velecity vesidusls relative te ?@ I of ?% I1s

T, IT and 8, 11, 7These residusls sre just what would be expected if these

i
stars actuelly hed donble lines whose ratios of central intensities are
similer to the retios in M5 Wo, 42 but are so badly broadeved and blended
that the imﬁﬁviﬁé&i components cannot e seen. The velocliy difference
between ¥ and F, I was the greatest but the hydrogen lines in M5 Ho, 42
cannot be frested in this way, Tt is these conslderstlions that make 1%

reagonable to drew a double line vweloelty curve for T Mon as was done in

fﬁgg 3@&



The question is immediately raised as to whether the veloecity
differences among elements and ions can be noted for the population II
cepheids as well. Actgflly it must be noticeabls; the only question is at
what dispersion is the accursey of messursment sufficlent to detect it,

A esreful check bas been made and it burns out that even the best plates

at 80 A/zm do not show it, bub good guality plates st 40 A/mm show the
effect quite definitely for Fe i as compared to ?i ITs SHince there are

only two QP 11 lines available, random errors can hide the effect =t 40 A/mm,
but sufficient F, I and ?é I1 lines are avallable that the meszn velocities
are good and the effect is marked. This can now be used as a method of
detecting incipient doubling for stars thet are too faint to observe with
wigh encugh dispersion to resclve the lines,

Both M5 Ho, 84 and 79 Gapricormus show the effect. Plate X, 1585
of W5 No. 84 shows a difference of 15 lm/se¢ between Ty Mand B L,

Py 2587 shous a five km/sec difference, These were taken before deep and
shallow minima respectively, Plate ﬁé 1674 of T¥ Cap showe a difference
of 5 im/see, It is this factor thet decides unguestionably in faver of a

double veloeity curve for these stars.

B « The Helium Lines
Plates C_ 5092 and C_ 5647 show emissiom in the @3 line of
Helium I, According to Abt they are taken at phase 959 and 005 respectively.
The radial weloeciby of -the helium emission is close to that of the wydrogen
emission. ©Several other plates ghow no emission in 53, The best slate for
photometry is C 5647 for which the emission line profiles were reconstructed
as well ag could be Jone. The tolsl snergy emitted in the %ﬁ line is

3.9 times the tobvel intensity of 33‘ For plate 5092 the ratlo apvears to
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be gimllar, but the econter of the %g enission line is overexposed and
ageurate measurenent is nob possible, The Bolbtowmen factors for 8 = 0,7
ghow that in thermedynamic equilibrivm the upper level of the %@ would be
populated by aboub %ﬂg'timas more atoms than the upper level of QE if the
hydrogen to helium ratic were unity. ﬁlea@ly'ﬁg iz too strong and thormoe
dynanie equilibrive & ¢ 8 = 7 is nob present,

| If we conglder the possiblility thet the hydropen and helium
lines sye formed st & shoek fronmt vwhere the temperature would be mmeh
higﬁarg some ressonable mumbers can be derived, Abi has steted thet if e
’ga&ak'ﬁav& is yr@a@ﬁ%‘in W Viy ﬁariﬁg the vhaseg of double lines and
emission lines then the temperature 2t the shock front would be of the order
of 100,0007 . ¥y veing the combined Boltuuann ewid Sahe equations as given
for example in gliariggé pe &1, 1% turns out that the ratio of the fractiom
of helivm stoms in the upper state of 33 to the fruction of hydrogen atong
in the upper ghate aﬁ‘ﬁa ig virteddly independent a£ temperature for
tenperatures betuween about 20,000 and i@ﬁ,ﬂﬁ&aﬁ. This can be ssen from

Allerts equation 14,

‘};@% Eﬁ?& - (gﬁ%}g}fz {‘fﬁg)f’/g - 23?(?) } f@“{z“xr)f@}

S i @

o

Gl h3 g@,r

since E"}iz, is very nearly 1.5 eleelron volis for both upper gbates.
Thus for unld retio of hydrogsn to beliuwn per abosm, the rabio of atons in

the vpper lewal of %ﬁ 4o the mmber in the uppsr level of 33 reducss to

where B, (I) is the partition function of the ionized atom and g is the
statistical weight of the upper state in guestion., For hyirogen B, (T) =1
and g = 18, For helium ¢ = 15 and Ei(?} = 2,0 for SQ§OQ$6§, For



2%

100,000%%, B, (1) is about 2.5, For temperatures above 100,000°% 1%
beconss increagingly difficull fo ealculiate 8? {1}, since the upper shabeg
of ionized heliwm have very agpreciable populations under the assumpbion
of theracdynamie equilibrium. If we uge the value 2.2 for Byl (7} the

. \ . o g, O
vesult will not be far off for temperabtures below 100,000 %

The resiulis
ing value for I‘gﬂf fy p i 2464

How the photometry vielded o ratio of energy emitied in the two
lines of ﬁqmg = 3.9, This is related to the mmber of aboms in the

upper lsvels by the relation

By L 2
: *r'r "’§~, b Fag g ? ;
i} ’ﬁ@gﬁ ' %33 ‘% §3

where the Afs are the Binstein trangition probabilities. For 2%‘3@

A = o435 x mgmr sec, and for ‘533 A= 84T x ’%@g per sec. Pubbing in the
mumerieal values yields that the observed intensity retic can be accambed
for by s revtie of hydrogen to helium of 2,9 hyﬁmgeﬁ atoms for every helium
atoms This iz about twoe and one-half times ss moeh helium as %ﬁa‘t&i&z{? ?)
found for the retio of hydrogen to helium in the Orion Webula, It cannot
be sald thaet this is significant until departures from thermodynemic
equilibrium 4n W Vir are taken into ascount. Incresging the temperaturs
above 100,000% only results in 2 lsrger appsrent abundance of helium

ginee an sppreciable nsumber of stoms will lie in the exeited states of

jonized bhelium,

€ =~ The Hrdrozen Lines
W Vir shows the strongest hydrogen emigsion in any populstion II

copheid vet studied. Typieal W 5 profiles are shown by gbte 0) Figs 6o
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profiles for the stars studied here are ghown In Fige 45. The

general appesrance of the profiles is very similer to W Vir gb a similar
vhese exeept for the weakwess of the enlssion, The maximm intensities of

emission lines relative to the contimwnum are listed in Table 10,

FPlate ; 2695 of U5 Wo. 42 taken sb phase .03 deserves careful
sbudy, Three enbively ﬁiff@yen;é layers of gas seem to be coniribubing to
the contours The very gherp shsorpbien core has the same velogidy as the
red component of the metzilic lines, The emission line is nel strong but
clesrly has the veloeily of the viclebd component of the mebsllic lines.
The broed wings are shown mers clesrly in M5 Yo, 42 than they were in
W Vir sinee they are not swanped by the strength of the enission lises.

As In W Vir they have the same welocity ss the sulsslion line and the vidiet
metallie linese The brosd conbour dosg not hove the flst botbom typicel
of rotations It seens wost likely thet st this phase we are looking inko
a reglon thet has a high enouph eleciren pressurs bo produce aterk
brosdened Wings.

It is imporbant to determine the physicel condition that will
produce this profile. The profile of e of P, 2635 is shown in greater
detail in Fig. 46, A&lso shown ave profiies of ¢ of a Persell amd

97 , . ,
- }v in attenpt hes been made to sabeh the contour with

.ri%ﬁ@*““*
, - {40)
theorebical conbonrs of Verwelj o The gharp absorption core fits
Yervelj's contours for @ = 0.9 At this temperature the contour is very
insensitive to gravity and any gravity from log g =1 to loz g = 4 is
satisfactory. The bread wings £it Verveij's combours for 6 = 0.8, Again
the result is not very sensitive to gravity and 2 velus of log g between 2

and 4 is satisfactory. Mow in section B the analysis of the colors led

to & = 0,75 and log g = 442 at this phase. On the obher hand the log g
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deternined ol newiwum vadive and tsking into account the chanre in radius
purely from the radial veloelties is 1.3 2% this phase, It scems likely
that the brosd conbowr is formed dewn in the seme iayers 58 the conblimmous
arechrun snd that the zharp core iz formed in the mulsating shell that we

:wv

ohserye suectroscopleslly, This is uot dePinidely proved here due to the

&
insensitivity of hydrogen Lines to gravity when the temperabture is nesy

& = 0.8, Another Jmebor that heg nob been taken imbo zecount is the £illing

in of the brosd copbour by continuous emlssion from the overlying layers,

= Haxlmum Trbtepsities In Units of the Conbinuwan

fd
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D o= 4 Model for W Virginis
In order Yo interpret the cbservalions thet have been preseubed
5 R 7 s ,
not only bere bubt alse prinelpally Wy &%ﬁ( o) and %?ﬁé ) it ls necepsary

4o answer the fellowing questions:

1e To what exbent is the svectrusm alfected by dilubtion?
2 + what depth is the contimun and line spectrum being formed?

3¢ When doulle linsg arve pregent vhich layer lg above and which is

below?
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tion is a Tumebion of

pn
kg,é 3

The answsy Lo sach guss

- e Y s e T
ss wary closely interrelsted.
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whe wealmess in these stars of WAAED of M IT and N 4260 of

T I makes one suspleious that the line speetrum is affected by dilution.
w

T i unlilkelyr thal b g ig & ¢ lines of E‘g Ty

maltiplet 2, ave normal in B Cap, T4 1s alse unlilkelyr that

syoess setond

jonization would sffech g‘ﬁé 1T snd not other fons. T seens, thevefore,

tret dilution mush be resvonsilble for the weslkness of N A4481, I the di-

n is csused by geometry It mesns that the alumogphere must e about one
o ) X

13 from the photospheres This mesns that the Schuster~

213
= N ER % N i o s sknp s 5B R T
deseribe the lins speclrums However, ﬁﬁ."i%{

ar fwe stellsr red

vas shown by the anclysis of the ¥ lines in ¥ Hon that the

G T

lington model must be used; l.e. the line 2nl contimmm ave

the saue regious As he points ouby bis argumepts for U Men bold Just as

woll for ¥ Vir so geomstricsl dilubion wust be eweludeds It secus therefore

that the dilubion must be radistive, 1.8+ there iz a delliclency of radiation

@

in the vegion neeessary to exeile the lower level of )\ 4481, namely

Gt eove This i3 very remsonable when one considers the observations of
the far ulbtraeyvioled soler spect :mmi“” }a Nefinite breaks in the speclrum
can Te seen &b aboub M\ 2400 asd A 2100. These bireaks very likely sre due
to the ionizetion of sodfum (5,06 eeve) 808 sluminun (5,76 eeve)e How
although spectra below A 2100 have not yebt been taken, it will be expscled
thet the radistion st 8.8 e.ve will be reduced by the iomization of silieon

(3ot @evels dvon (7.9 cuv,) ond megnesium itaelf (7.6 euve)s FRach of

ik

these three elements iz commieslly at least ten times as abundant as sodium

and al ﬁmm‘s}%{ so the depression of a starls energy curve due Lo thelr

-8

lonjzation will surely be very greats Just why this should show up in the



population II cepheids and not in the normsl supergiants is not clear,
Perhaps detailed model atmospheres will be able to show thise

It seems very likely thet during the time when double lines
appear the effect will be much more noticeable in the component formed
higher in the atmosphere, thely is in the outer of the two "shells®,

The red component of A A260 of F, I is also weakened, This
way well be due also to radiative dilution of a different sort. This line
is exeited by the zero vdlt lime A 5166,3, which lies only one angstrom
to the viclet of A 5167.3 of %g I. During phises of double lines the
doubling is ghout 0,58, Thus, if the descending material is shove the
rising material the shift of 0,88 will place the strong M, I line very close
to the line necessary bto excite A\ 4260, In the sun, aeaé?ﬁiﬁg to the
Utrecht Atlas, the residual intensity ab 0.24 from the center of X 5167,3
iz 40 percent,

It is now possible to determine which layer is sbove and which is
beleow during the phases when double lines are observed, It seems loglcal
that if N\ 4481 and A 4260 ave affected by dilution then the ocuter layer
is going 10 shovw the weaker component no matier what the causs of the
dilution is. The high dispersion vlates of W Vir taken by Senford snd Abb
have been examined with this in mind, It will be reeslled that during
.§ha3@$ of double lines the violet component of the metallie lines (cutward
moving material) first appear at phase o825 and these lines graduslly
strengthen as the red composent (imverd moving materisl) deercases in inten—

sitye How at phase ,825 abg(!Os Pos 86-87)

has shown that the outwsrd
noving material is below the imward moving material, M 4481 becomes nsee

ful at phase ,959 when on Cq 5092 it can be seen that the viclet component



ig much stronger then the ved components However, for both the i, I

and F, II lines the red component is stronger. This must be interpreted
as meaning that the rising gas is still below the falling gas., This is
again the situation on C o 56477 st phase ,005, plate G, 6207 at phase
J040 the violet component of A 4481 is by far the stroncer while the two
gomponents of the Ti 11 lines sre of equal strengths After that the vicled
components of all lines are stronger., It is concluded thet the rising gas
is at all times below the desconding gase These same properties are noted
on Py 2635 of M5 Yoe 42

This mesns that the shock wave model must be accepted, Tt slse
meang that when the radii appear to be orossing in the curves drawn from -~ -
integration of the veloclty curves, asctuelly the descerding moterisl that
we are obgerving is the materisl at less and less depth in the atmosphers
srd always sbove the rising layer,

As rentioned ahove, Abt has shown that for U ¥on and W Vir the
Hilne-Bddington nedel is ziﬁcma@m in order to ipterpret the line spectrum,
This holds even in the vicinity of maxisum exbtension of the sbars when the
econtinaous opaelity is at a ninimum, Therefore, the only phase at which we
are able to see deeper than a mggimz in which lines sre being formed is
when the hydrogen emisai&a im% are present apd when double lines sre seen,

It is now pogsible to picture the seguence of svents in W Vir,

At maximum extension we are ié)ﬁking gt an outer layer that is optically
thieke Boith the line and continuous mﬁi&%imz"ﬁéﬁ%ﬁ@ feom this layer.
This agrees with the faeot that the surface gravity as deternined by both
the colors and the ﬁé@aiamtim of the materisl is very similar, This

layer now begins to descend. At phase .60 the emission lines of hydrogen
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appear with the veloeily of the spproaching meterisl., Apmarently the
approaching material has been hit by the falling materinl at the shock
fronte It is likely that mueh of the energy of the eollision st the

ghock front goes into the lenization of hydregen ayd hellum resuliing in
emission lines of recombinstion. This would alse be responsibile for the
ultra~viclet excess thet sppears ot this phase, This is taking place at
econgiderable optieal depth with the result that the absorpbion lines of
the new, rising, meterial sre complebely £illed in and the emission lines
are cub down very considerably. The strength of the observed enission
1imes depends upen two factorsy the enevgy that must be dissipated st the
shock front and the opseity of the overlying layers, The emission lines
growg very rapidly in inbensity until vhase .80 « 85 and then graduslly
fede awaye. Thusy the energy of the colllsion at the shoek front must be
mch gresber at first when the shock is moving through the material of
higher density then 1t ig at 2 later time when the opseity of the overlying
layer ip legs. %%‘§@&$$'*$35 we teglp to gee the metellie lines of the
rising material. Now the iﬁfﬁ&liﬁg meterial never penetrales the oubflowing
ma%&rial but rether is reversed ot the shoek frovt go thet as the red
somponents weslken with phase they are being formed in 2 steadily thinning
layers whick iz alvavs sbove the oubflowing materisl, By phase 98 the
contimum is coning almost epbirely from the outwsrd floving layer and the
star appsors to be st minimm radius, It is at about this poiny thnt the
stork broadened winzs of the hydrogen lines can first be seen., By rhass .19
the rising material hag reversed just sbout all of the infalling material
and even in the lines the opticel depth of the infalling malerial iz very

small. After this, any infelling material is completely transparents
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The rising materisl conmtinues Lo expand until the graviby of the star
stops it and the eyele is repeateds

This medel is similar to the one diseussed by %mtmy{“ﬁ}g T
iz gratifying to note that his model at phase 10 is very close fo the

situation deseribad here.

¥I. EVOLUTIORARY CONSIDIRATIONS

Tole discuseion will admittedly be speculative and it will not
e possible to glive definite answers to the very interesting questions that
will be reisedy howevers I believe it to be wertlwhile Lo sum up the availe
alve Informsbion bthet spylies o the problens

| Flgure 47 shows the comblned celoprw-magnitude disgran for seven

globular clusters. This is froa the work of irp. The seguences that
contain the #aa@ mejority of eluster sters arve showne Individual stars thab
fall off these sequeneces sre not shoun except for the cepheids in the clushers.
The zero point of sbsclubte magnitude for 21l clusters ls determined by the
position of the Variable fap vhick is sgsumed %o lie 2t %@ = 006

It is imporbant first to deternine whether or nobt nonvarisble
gharg are to bs Tonad in the sawe vart of the color-magnitude diagram of
the globular clusters as are the copheids, This can be stulled with the
aid of Figs. 6=12 of Arp's §&g@r on the "Color Megaibude Diagram for Zeven
Globalar élﬁg%%rs“iéé), Five of those clusters conmbzin one fairly brignt
gbtay in the ecepheid region. In sddition, five ghars appear just above the
Variable Gap. All these stars are listed in Table 11 Speetra of three
of the brighter stars have been obtaipned. #10, star 1372, is of spechtral

type G2V and has the radial velocity of + 29 lm/sec. According o §a§&11(22)
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the velocity of MID is + 65 lu/sec, T is thereforc, not a member, 13,
gher V60, is of spectral typs PV and by inspection, its radisl velocity
is not = 225 knfsee, Tt too is not a member, M5, sbar TIT=34, is also
of spectrsl type FBY and also by inspection it csn be sgeen that its
velocity is not = 115 km/see, The otber stars which have ¥ _, Prighter than
= 1,00 (if they are members) sre rather vemote from the cluster centers.
Klthough spectra of all the brighter stars have not boen teken, it seems
gafe to conclude that they ere probably mnot mewbers, The five stars with
E‘%%W between « 19 and = .59 are reasconably elose to their clusherts center
and are too faint to observe spectroseopieslly except poseidly with the
200% telescopes In the sheence of amy contrayy evidence, it is concluded
that they may very well be sluster wembers, Tt scems thet the region of
the populetion II eepheids (at leoast sbove M - ™ 1,00} is 2 region of
instability and any globuler cluster star entering this region will becoms

a gevhelid,

TARIE 11
Honvariable Stars im 0lobular Clusters and With Colors and Magnitudes
Bimiler To Cepbeids in Clobular lusters.
Clagteyr Bbar %ﬁw mk
¥2 T84 =t s34 + (26
1393 w3 1S + o7
M3 1402 2,58 + oG48
M5 Wl w28 + o260
H1o 11472 =2 ¢ F7 + 76
ﬁ“ﬁﬁ mf:?;g@ ¥ vﬁfz&
Hi3 V=50 «2,13 + 60
z*é:‘i mﬁ»&@ * 230
* oh5

Mi5 ITE=34 =33
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In considering the evolutlion problem we will consider two nasses
of cerheidss ze%/z-;%@m 2.0 ard 1,2, If the value suggested for the mass is
2:0 Mg, the star surely was on the main sequence above the present turn
of f point, If it has nobt lost mass it was originelly an 4 star. Also ite
age maat be lesgs than the age of the vast majority of cluster stars, in
indication of an extension of the main seguence above the turn off point

has been noted for %«%?%5) and in M13 there is a star of type B2 that iz &

eluster mewber ard bas the colors of 2 main sequence star {‘éﬁ}, Yo models
of globular cluster stars of fi,éﬁ:@ = 240 have been computed. It is therefore,
impossible to say what gord of itrack such o ghar might follow and hm} it
might get inbo the instability zone, J The two most likely possibilities are
@i“&h@g?%gﬁ cepheids are on thelir wey %o the right in the color-magnitude
flagram moving parallel to and above the usual traek of the stars of mass
1.2 ?z:?:@ or they have slready passed through & red glant phage and ave on
their way back., There is no clue ab present as to which i3 the more lilelye
" ﬁfﬁ%@w 142 we must deternine vhere and why the cerheids deviate
from the ususl evolutionsry track of glebular cluster stars., One possibile
ity is that they sre a transitory stage of the RR lyrae starsy i.e. 2a BR
Lyrae sbar for a short time moves up into the cepheid region and then moves
down againe This would explain the steady and rather rapid chepge in the
pericds of W Vir and T Cape. A stabistiecsl test iz of some intersst here,
There should be a correlation between the number of cephsids and the mumbey
of BR Lyree sters in o eluster. This is not the case ag isshown in Table 12
vhere the mumber of cepheids snd number of HR Lyrae stars arve listed for
eight most carefully studied clusters. It is coseluded thet this evolutiomary

track is highly unlikely,



A seeond and move 1ikely scheme of evolution if A, = 1.2 is
thet the cephelds move to the left from the red glant branch along & track
sbove the horizontel braneh. There is no immediate srgument against this,
but we have zge:i ides as to why a few stars should so deviadte, Possibly the

{47448)

present work by Hoyle and his ceworkerg will shed light on this.

TABLE 12

Tunber of Cepheids snd BR lyrae Stars fs Globuler Clusters,

oy of _ Ho, of
Cluster Cephelids BR Lyrae Stars

M2 4 13
171
93

4
15 1 60
12
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XIie GUMMBRY

Since there has been 1o single theme to this work, it seems best

to pummorize the results el this time, I will vresent the begt answers

vogssible to the guestions raised in seetion I-B,

Te

3

The cerheids of popilation T have speetra from ¥5 to ¥2 at sarliest to
GO to X0 st latest. The cephelds of populstien 1T heve spectra from

4% %o PO at earliest to F5 to zbout GO st latest. The eniesion lines of
hydropen that sppear in population IL cepheids of peried groster then

15 days do not eppear in the clageical cepheids. Rather, the hydregen
lires of the ¢lassicel cepheids are strong and deen near maximam light.
This differsnce in the behavior of the hydrogen lines befors and sk
maximes 1ight serves te elassify a star as a menber of eone or the obher
group, The popwlation IT cerheids with pericds near 10 days do not show
smission lives of hydrogen gm% the cﬁ;&éaﬁ"i&aﬁm of these stars into

the two populations is nobt es casy as Tor stars of lonper period,

The main difference belween M5 No. 42 and the RV Towri ster, M5 No. 84,
seems bo e in the tiwing of the new outrush of gas from below, A deep
minimyn oecurs vhen the new outburst is delayed and & shallovw winimum
cecurs when the new oubburst srrives esrly. Whether this can be shown
to apply to other RV Tauri stars is guestionable,.

The cephelds on the teop line of Arpts period-luninesity dlagram have
sarlier gpectra than the stars of lower luminosily. Alsos M5 Wo. 42
hee & higher electron pressure than W Vire This helps to show 2 real
difference betueen population II cepheids of different luminosities

but does not settle the guestion of whether o not the lines noted by

Arp in the pericd-luminosiby diagrem are disersel,



Double lines have now bsen cheerved in W Vir, M5 Vo. 42, end TV Cape

It seemp 1ikely that they are present im the other stare of period
graater than 15 dayse Double lines have not been found in shars with

z veried of 10 dayse AL Vir should be chserved at 10 2/mm in order %o
search Jor double lines; and y§?QVﬁmia ghould certainly be studisd by
southern observers in this conneetion., Among the sbters of perled just
over one day DL Heroules ig presently being studied by 4bb nsing coude
plates and his results sere gwaited with interest.

Btudies of the radil from integration of the veloclby curves and from
interuretation of the colors yield generally consistent resulis, The
determinatlion of swrface gravity from the colors yields much too high

a2 gravity sear minimum redius %o make senge,.

& discussion of the masses lesds to velues ranging from one to three
solar masses. & velue in the inberval 1.2 to z;éjééi&r nagEes ﬁ@éms“
most likelye.

The speotral classification showed these stars é&ng& from A5 to ¥5 or
0 to about GO deperding in the type of light éﬂrﬁ'ﬁ, o periods
speetrum relation could be determineds The iiﬁgg are gererally weak
for the speetral type, The gtrengih of Ti I1 resulbs in the luminosity
claass of Th or IT being assigoed almost all the speetra, However,
rolative to ?i I, Sr T ig weak in W Vir and ?é IT is weak in M5 Ho. 84
avd especially T Cape M. IT, N 44871, is weak in almost all population
1T cevhelds,

Considering the strength of %é II, N 4481 when double lines sve present
in ¥ Vir, 3%t wae shown that the old, infalling, msterisl is always sbove

the new ocubflowing meteris) and hence the inmterpentrating shell modol



mast be sbandoned and the shock weve model sccepted, This is cone=

sigtert with the presence of emission lines of hydrogen and helium,.
A disenasion of possible evolutiomary tracks in the color-mesnitude
diarran lead to po definite conclusions ag to how a star reaches the

inetahility zone of the population II cepheida,
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