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Vznik a vyvoj astrofyziky

E. Ch. Pickering (1846 - 1919)
A.]. Cannon (1863 — 1941)
spektralni klasifikace hvézd
Harvardsky katalog spekter

A.S. Eddington (1882 - 1944)
stavba nitra hvézd
vztah hmotnost — zarivy vykon

S. Chandrasekhar (1910 - 1995)
stavba bilych trpaslikt

H. Bethe (1906 — 2005) A. Einstein (1879 — 1955)
C. Weizsacker (1912 - 2007) specialni teorie relativity
kvantitativni teorie termonuklearnich

zdroju energie hvézd

W. A. Fowler (1911 —1995)
F. Hoyle (1915 - 2001)

E. M. Burbidgeové (1919)
G. R. Burbidge (1925)

vznik chemickych prvku




Rozdéleni problematiky astrofyziky

[. Uvod - Jan Marek, Newton, Fraunhofer, Kirchhoff, Bunsen, Doppler,
Z0llner

II. Hvézdné atmosféry - Schuster, Saha, Milne, Fowler, Rosseland,
Mc Crea, Payene-Gaposchkin, Bowen,

III. H-R diagram - Balmer, Hertzsprung, Rosenberg, Russell,
Stromgren, Sandage

IV. Slunce - Pouillet, Schwabe, Wolf, Carrington, Sporer, Janssen,
Lockyer, Maunder, Deslandres, Hale, Young

V. Hvézdy - Emden, Eddington, Atkinson, Hourtemans, Weizsacker,
Bethe, Salpeter, Fowler, Hoyle, Burbidge - FHB?, Ledoux, Stromgren,
Zevakin, Bakerr, Kippenhahn, Cox, Schwarzschild, Jeans, Hayashi,
Heney, Eddington, Adams, Chandrasekhar

VI. OTR - Eddington, Adams




Uvod
Vznik astrofyziky, prehled metod

Pouziti fotografie, fotometrie, spektroskopie

L. J. M. Daguerre 1789-1851, zavedeni
fotografie

A. H. L. Fizeau 1819-1896, fotografie Slunce

J. B. L. Foucalt 1819-1868, fotografie Slunce

J. A. Whipple 1822-1891, fotografie Vegy

H. Draper 1837-1882, fotografie Orionu

W. Huggins 1824-1910, fotografie komet, hvézd
J. C. Kapteyn 1851-1922, fotograficke desky

J. K. F. Zollner 1834-1882, fotometr




Uvod - Jan Marek Mareci 1595 - 1667

lékar - fysikus, fyzik, matematik,
profesor l¢karske fakulty, hlavm hyglenlk
rektor univerzity 1662

O umernosti pohybu 1639
mechanika, volny pad,
razy pruznych kouli

Kniha o duze nebeské a piivodu jejich barev 1648

rozklad slunec¢niho svétla sklenénym hranolem, vlastnosti
hranolového a duhového spektra, vyklad vlastnosti duhy,
zbarveni mydlovych bublin, barevny paprsek vychazejici z
hranolu se pfi1 pruchodu dalSim hranolem uz neméni, kazda
barva vykazuje jiny uhel lomu, tabulky uhlu




Uvod
Jan Marek Marci

Kniha o duze nebeské a puvodu jejich barev r. 1648

Informace o prvnim pozorovani ohybu svétla a vzniku

barevnéeho spektra na malych otvorech, prekazkach a opticke
mrizce:

,Jestlize jehla nebo noZik zastini mezi svételnym zdrojem a
hranolem libovolnou cast zdroje, vidime okraj stinu barevné.
Nebo desticka s otvory ve tvaru mrizky ¢i stocena vidkna daji
vznik tolika duham, kolik je otvoru. V obrazu za hranolem ,
vilozime-li nozZik mezi obraz a hranol, vznikne stin s opacnou
duhou, ve ktere pri pohybu noZiku mizi hned tyto, hned ony
barvy nebo se meni novym misenim barev. *




Uvod
Spektrum Slunce - Fraunhoferovy ¢ary 1814
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Uvod - Joseph Fraunhofer 1787 - 1826

némecky fyzik, optik, konstruktér dalekohledu, stroju na brouseni
achromatickych Cocek, studoval slunec¢ni spektra jakoz 1 hvézd,
Fraunhoferovy cary r. 1814, prom¢iil ve spektru Slunce polohy 324
Car, obobné Cary nalezl u Betelgeuse, Prokyonu, Polluxu, Capelly

[ ek

Joseph von Fraunhofer Optiker und Physiker 1787- 1526 Deutsche Bundespost
1987




Uvod: Gustav Kirchhoff 1824 - 1887
Robert Wilhelm Bunsen 1811 - 1899

némecky fyzik a chemik, analyzovali ruzné soli pomoci spektrografu,
zabarveni plamene pi1 zihani, potvrdili, Ze Zluta Cara sodiku splyva s
Fraunhoferovymi D Carami. K odstranéni téchto tmavych ¢ar ve spektru
Slunce postavili pred St€rbinu spektrografu lihovy kahan, v jehoz
plameni Zihali kuchynskou sul. Vysledkem bylo jesté vétsi ztmaveni

D car. Kirchhoff vyslovil hypotézu, podle niz sodikovy plamen pohlcuje
zlutou Caru sodiku ze slunecniho spektra. Vinove délky emisnich a
absorpCnich spektralnich Car jsou charakteristicke pro pritomnost prvku
bez ohledu na druh slou€eniny, mnozstvi prvku a pouzity plamen a jeho
teplotu. Pomoci spektralni analyzy objevili dva prvky - cézium a
rubidium. Zjistili, Ze velky pocet Fraunhoferovych Car v sluneCnim
spektru je zpuisobeny pfitomnosti zZeleza v atmosfére Slunce. Dale
dokazali ptitomnost dalsich 14 prvku na Slunci. Zakon: Vyzarovaci
schopnost Cerného télesa je umerna jeho pohlcovaci schopnosti, téleso
tim vice pohlcuje zareni, ¢im vice je schopno je vyzarovat.




Uvod - Kirchhoff + Bunsen 1860

1560. ANNALEN Zo. 6.
DER PHYSIK UND CHEMIE,
BAND CX.

I. Chemische Analyse durch Spectralbeobachtungen ;
von G. Kirchhoff und R. Bunsen.

P;s ist bekannt, dafs wanche Substanzen die Eigenschaft
haben, wenn sie in eine Flamme gebracht werden, in dem
Spectrum derselben gewisse helle Linien hervorireten zu las-
sen. Man kanun auf diese Linien ¢ine Methode der gualitativen
Analyse grimden, welche das Gebiet der chemischen Reac-
tionen erheblich erweitert und zur Losung bisher unzuging
licher Probleme filhrt. Wir beschrinken uns hier zunichst
nur darauf, diese Methode fiir die Metalle der Alkalien und
alkalischen Erden 2u entwickeln und ihren Werth an einer
Reihe von Beispielen zu erliutern.

Die erwihnten Linien zeigen sich um so deutlicher, je hoher
die Tewperatur und je geringer die eigene Leuchtkraft der
Flamme ist. Die von Einem von uns angegebene Gaslampe')
liefert eine Flammne von sehr hober Temperatur und sehr
kleiver Leuchtkraft, dieselbe ist daher vorzugsweise geeig-
net zu Versuchen i{iber die jenen Substanzen eigenthiimli-
chen hellen Linien.

Auf Tal. V sind die Spectren dargestellt, welche die
genannte Flamwme giebt, wenn die so rein als moglich dar-
gestellten Chlorverbindungen von Kalium, Natrinm, Lithium,
Strontium, Calcium, Baryom in ihr verfliichtigt werden. Das
Sonnénspectrum ist, um die Orientirung zu erleichtern, bei-
gefiigt

Die zu den Versuchen benutzte Kaliumverbindung warde
durch Gliihen von chlorsaurem Kali, welches zuvor sechs
bis achtmal umkrystallisirt war, dargestellt.

1) Diese Annal. Bd. 100, S 85.
Poggendoril’s Annal. Bd. CX. I




Uvod Gustav Kirchhoff

némecky fyzik, zabyvajici se elektrinou,spektroskopii,

Chemical Analysis by Observation of Spectra
GUSTAV KIRCHHOFF AND ROBERT BUNSEN

Annalen der Physik und der Chemie (Poggendorff), Vol. 110 (1860), pp. 161-189 (dated
i Heidelberg, 1860)

It 1s known that several substances have the property of producing certain bright lines when
brought into the flame. A method of qualitative analysis can be based on‘these lines, whereby the
field of chemical reactions is greatly widened and hitherto inaccessible problems are solved. We
limit ourselves here to developing the method for alkali and earth-alkali metals and demonstrating
its value By some examples.

The lines show up the more distinctly the higher the temperature and the lower the luminescence
of the flame itself. The gas burner described by one of us (Bunsen, these Ann. 100, p. 85) has a
flame of very high temperature and little luminescence and is, therefore, particularly suitable for
experiments on the bright lines that are characteristic for these substances.

rozliSeni tfi druhu spekter:

a) spojité - tekutiny, huste
plyny

b) emisni Carova spektra -
poskytuji horké plyny

c) absorpcni Carova spektra -
ve spojitém spektru jsou
tmavé Cary - Fraunhoferovy
cay ve spektru Slunce




Uvod

Prvni spektra hvézd
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Figure 4.7. Secchi's drawings of the spectra of Betelgeuse, Aldebaran and Antares, 1867,




Uvod
Spektralni klasifikace hvézd

Je vseobecne znamo, ze prvinim pokusem o systematickou spektralni klasifikaci hvezd
je prace Angela Secchiho. ktery j1z v roce 1868 publikoval katalog se 4000 spektry. Roz-
delil spektra podle vzhledu do ctyr skupin:

I — bile hvezdy pouze s carami vodiku (Sirtus, Vega, Altair, Regulus)
II - nazloutlé hvézdy slune¢niho typu (Arcturus, Capella) se spoustou ¢ar tzv. kovu
III — oranzove hvezdy s absorpcnimi pasy (Betelgeuze, Mira), promenne hvezdy

IV — cervene hvezdy s absorpcnimi pasy,
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19th century diagram of the four Secchi type spectra
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Figure 4.8, Secchi’s drawings of the spectra of Betelgeuse and Sirius, 1872,




Uvod
Spektralni klasifikace hvézd

Dalsi rozpracovani spektralni klasifikace hvézd jiz na teplotnim zakladé provedl| ne-
mecky astronom Hermann Carl Vogel (1841 - 1907), ktery rozdélil hvézdy podle vzhledu
spekter do i tid:

1. Pro hvézdy s vysokou teplotou mohou &ary kovi obsaZzenych v atmosférach vyvo-
lat pouze slabou absorpci, tudiZ jsou nevyrazné respektive je nemiizeme pozorovat
vibec. K této tFidé patii bilé hvézdy.

2. Ve druhé tfidé byly Zluté hvézdy, v jejichZ atmosférach obsaZzené kovy zptsobovaly
vyrazné absorpini cary, jako v ptipade Slunce.

Lid

Tfeti tfidu tvofily Cervené hvézdy, jejichZ teplota byla nizka, takZe v atmosférach
mohly existovat slouceniny. Spektra byla charakterizovana veétsim & mensim poctem
sirokych absorpénich pasu.

Vedle spektroskopie a v kombinaci s ni se v druhé poloviné 19. stoletf zacaly pouZi-
vat dalsi fyzikalni a chemické metody, fotometrie a fotografie. Prikopnikem vyuZivani
fotografickych postuptl v astronomii byl jiz zmifovany americky astronom Henry Draper,
ktery roku 1872 ziskal prvni fotografie spekier hvézd, na nichZ byly zachyceny absorpéni éary.
Pomoci suche fotografické emulze ziskaval spektra jasnych hveézd od roku 1879. Zakladni
prace ve spektroskopii a fotometrii pfi sestavovani fotometrickych a spektroskopickych ka-
talogi Harvardské observatofe vedl americky astronom Edward Charles Pickering (1846
- 1919).




Uvod
Spektralni klasifikace hvézd

Spectral Classification of Stars

Timeline:

Edward C. Pickering (1846-1919) and Williamina P. Fleming
1890s (1857-1911) label spectra alphabetically according to strength
of Hydrogen (Balmer) lines, beginning with “A" (strongest).

Antonia Maury (1866-1952) developed a classification scheme based on
the “width"” of spectral lines. VWould place “B” stars before "A” stars.

1890s

|190| Annie Cannon (1863-1941), brilliantly combined the above.

Rearranged sequence, O before B before A, added decimal
divisions (A0...A9) and consolidated classes. Led to
classification scheme still used by astronomers today!

OBAFGKM (Oh Be A Fine Guy/Girl, Kiss Me)

/ e

“Early Type” “Late Type”
Stars Stars




Uvod
Spektralni klasifikace hvézd

Henry Draper 1837-1882  fotografie spekter hvézd 1872

Edward Charles Pickering 1846-1919
HD katalog hvézdnych spekter

Annie Jump Cannon 1863-1941
Harvardsky katalog hvézdnych spekter 1918-1924

Zdokonalil metodiku vizualni fotometrie, zavedl standardy — vhodné hvézdy pro sta-
noveni Skaly hvézdnych velikosti. V osmdesatych létech 19. stoleti pfistoupil Pickering
k hromadnému pouZivani fotografie, pro ziskavani spektrogramu hvézd pouzival objek-
tivni hranol. Roku 1884 byl zvefejnén katalog Harvardskeé fotometrie, ptiivodné obsahoval
Gdaje o ¢tyfech tisicich hvézdach, pozdéji byl doplhovan, roku 1913 soubor katalogt jiz
obsahoval Gdaje o vice neZz dvou miliénech hvézd pozorovanych na celé obloze. V letech
1886 — 1889 byl sestaven a roku 1890 vydan tzv. HD katalog hvézdnych spekter na pamét’
Henryho Drapera, jenZz obsahoval spektra 10351 hvézd ze severni oblohy. Pro jejich rozli-
Sovani byla v katalogu pouZivana Secchiho klasifikace, ktera byla dale rozvedena. Pivodni
¢ty Fi zakladni typy spekter byly daly rozélenény na celkem 19 tfid. Pocatkem stoleti v roce
1901 doslo k omezeni poctu tfid, nékteré byly vzajemné spojeny. Byla zavedena spekirilni
Klasifikace (W) -0 —-B- A-F- G- K-M a relativné méné se vyskytujici tfidy R, N, 5.




Uvod
Christian Doppler 1803 - 1853

rakousky fyzik a matematik, pusobil v Praze, Zivotopis,
spis O barevném svétle dvojhvézd r. 1842

Ueber das

farbige Ll(‘ht |lcl' I)oppclsterne

Gcstu'm- |I0s Illmmels.

Versuch einer das Bradley'sche Aberrations - Theorem als inte-
rrirenden Theil in sich schliessenden allgemeineren Theorie

or
]

Christian Doppler,
atik und prakiischen Geometrie am technischen Institute und ausserordentl, Mitglied der

- ]
= = e

Prag, 1842,
ssion bei Borrosch




Uvod
Christian Doppler

Karolinum v Praze 25. kvétna r. 1842, zasedani prirodovédne sekce
Ceské kralovské spoleénosti nauk, pojednani O barevném svétle
dvojhvézd , pét posluchacu, mezi nimi matematik Bernard Bolzano
1781-1848, ktery pochopil vyznam Dopplerova objevu,

téhoz roku Clanek v Pojednani kralovske Ceské spoleCnosti nauk,
Doppleruv vyklad obsahoval chyby:

1. pfecenéni velikosti radidlnich rychlosti slozek dvojhvézdy

2. nedocenéni intenzity ultrafialové a infraCervené ¢asti spektra

3. piipsani hvézdam libovolnou vlastni barvu

Shrnuto nemel spravné o spektralnim sloZeni svétla hvezd, o jejich
hodnotach rychlosti.

V zavéru Clanku prorocka slova: ,,S presvédcéenim ocekdvam, Ze jim

(Dopplerovym principem) bude urcovana barva nebeskych téles, otazka,
zda se pohybuji, kam a s jakou rychlosti, jaké vzddlenosti nds deli jeden

od druhéeho, stejné jako i rozireSeni mnohych druhych otazek. *




Uvod

Christian Doppler

ve spisu O barevném svétle dvojhveézd diskutoval, zda svétlo je pricna
vlna, s e¢terovymi Casticemi oscilujicimi kolmo ke sméru Sifeni, barva
svétla je projevem frekvence svételné viny v oku pozorovatele, pro
frekvencni posuv odvodil rovnice, nevychazejici z Zadneho experimentu,

v Dopplerové dobé nemél k dispozici tak rychl

e se pohybujici zdroje

svétla ¢1 zvuku, proto jeho matematické spekulativni odvozeni vychazelo

z dvojhvézd v astronomii tehdy jiz zndmych, ¢

omnival se, Ze prirozena

barva hvézd je bila a Ze pi1 svém pohybu hvézd smérem k nam ¢1 od nas
se posouva cel¢ jejich spektrum, barva slozek dvojhvézdy by se tak mély

periodicky ménit.

Matematicky zditvodnil, pro¢ se méni kmitocet zareni, tedy barva

svetla, jestlize se zdroj zareni pohybuje.

Doppler milcky predpokladal, Ze rychlost svétla nezavisi na rychlosti

zdroje, tedy éter je nepohyblivy...




Uvod
Johann Karl Friedrich Zollner 1834 - 1882

némecky astronom, vyvinul a pouzil prvni astronomicky fotometr,
pozorovanou hvézdu srovnaval s umélou, vytvorenou odrazem svétla
svitilny, zavedl termin astrofyzika




Uvod
Johann Karl Friedrich Zollner

Zaklady jedné obecné fotometrie oblohy r. 1861,
Fotometricky vyzkum r. 1865

OSTWALDS KLASSIKER
DER EXAKTEN WISSENSCHAFTEN
Band 291
GRUNMDZDNGR
PIOTOMETRIE DES IIMMELS Grundziige einer

allgemeinen Photometrie

J FEAELLNER

des Himmels

von

Karl Friedrich Zollner




Uvod
Johann Karl Friedrich Zollner

Vysledky astrofotometrickych pozorovani, r. 1566

"ASTRONOMISCHE NACHRICHTEN.

BEOAN.

Ne 1575.

Resultate astrophotomelrischer Beobachtungen.
Von Herrn Dr. F. Ziliner, Privatdocent an der Universitit Leipzig.

In Folgendem erlaube ich mir eine kurze Zusammenstellung
der Resultate mitzutheilen, welche sich aus meinen, in den
letzten drei Jahren angestellten astrophotometrischen Beobach-
tungen ergehen hahen. Die dabei angewandte Methode ist,
soweit sie sich auf Sterne erstreckt, dieselbe, welche ich
in einer fritheren Schrift V) auslihrlich beschrieben habe.
Dagegen mussten zur Bestimmung des Helligkeitsverhiiltnisses

der Sonne zom Monde und den Planeten besondere Apparate

angewandt werdeén, deren Construction in einer vor Kurzem

von mir veriffentlichfen Arbeit 2) mitgetheilt ist.

Zuniichst bestimmte ich mit Hiilfe dieser Apparate dic
relative Lichtstirke der Mondphasen, da man bereits auf theo-
retischem Wege vielfach versucht haite, die von den Phasen
einer aus grosser Entfernung beleuchteten Kugel ausgesandten
Lichtmengen zu bestimmen, wie dies die umfassenden Un-
tersuchungen von Kies, Euler, Smith, Bouguer, Lambert,
Michell, J, Hersehel und Anderer heweisen,

. Bezeichnen ¢ und ¢’ die Lichtmengen zweier verschie-
dener Mondphasen und v und v' die entsprechenden Elon-
gationen des Mondes, die hier des unbedeutenden Unter-
schiedes wegen fiir die Phasenwinkel gesetzt sind, so ergab
die Lambert'sche Formel:

iq §inG — v ens v
:}" T sint' — veos v

Diese Formel stimmte jedoch, wie bemerkt, auch nicht
entfernt mit den Beobachtungen iiberein.

Bezeichnet ll_ngegen B eine Constanfe, und zwar, wie
sich aus meinen Entwickelungen a. a. 0. ergieht, den mitt-
leren Elevationswinkel der Mondherge, so erhiilt man mit
Rilcksicht auf den Schattenwurf und die Beleuchtungsverhilt-
nf&se einer mit zahlreichen Erhelungen bedeckten Oberfliche
folgende Formel :

q __ sin (m—;ﬁ]_—_{v-—-ﬁ) ens (v — f3)
a ~— sinlv'— B) = (v'— B) eos (»'— A)




Uvod

Johann Karl Friedrich Zollner
Vysledky astrofotometrickych pozorovani, r. 1866

249 Nr. 10/0. 230

= In der folgenden Zusammenstellung sind die Lichtmengen
der Venus und des Mercur nicht aufgefiihrt, da diese Planeten
nicht in Opposition mit der Sonne kommen und zur Fest-
stellung des Maximums ihrer Lichtstirke noch nicht Beob-
achtungen in geniigender Anzahl vorhanden gind.

Uehersicht der Lichtverhédltnisse des
Planetensystems.

Wahrscheinl.
Fehler.
., —
Sonne _ 618 000 1. Methode 1.6 Proc.
Vollmond — {519 000 2. E 237
Sonne  _ 6 994 000 000 5.8 =
MHI'SI
_SE,"E — 5 472 000 000 5,7 =
Jupiter
Senne 130980 000 000 5,0
Saturn
Sonme g 486 000 000 000 610
Uranus
Soane 29 620 000 000 000 555
Neptun

Die Helligkeitsverhiilinisse der Planeien zur Sonne wurden
in der Weise ermittelt,- dass zuniichst das Helligkeitsver-

iibereinstimmend mit der oben photometrisch fiir Capella
gefundenen. Mit Berlicksichtigung der von J. Herschel be-
stimmten Helligkeit von «Centauri wiirde sich hieraus er-
geben, dass die beiden Componenten jenes Doppelsterns zu-
sammen genommen nicht viel mehr Licht aussenden als unsere
Sonne allein.

Mit Hilfe der oben fir Mond und Planeten gefundenen
Werthe ist man nun im Stande mit Anwendung des Lambert-
schen Caleuls die sogenannte Albedo oder lichtreflectirende
Kraft (x) der beleuchteten Himmelskirper zu bestimmen.
Dieselbe giebt das Verhiltniss der senkrecht auf die Fliichen-
einheit gefallenen zu der von dieser reflectirten Lichtmenge
an. Da bei den folgenden Zahlen von der ungleichen Helligkeit
verschiedener Theile der Planetenoberflichen abgesehen wird,
so ist hierunter nur die mittlere Albedo zu verstehen. In
Betreff der Unterscheidung zwischen wahrer und scheinbarer -
Albedo, muss ich auf meine photometrischen Untersuchungen
(p. 156 ff) verweisen. Fiir den Mond ist die wahre Albedo,
fiir die Planeten nur die scheinbare angeffihrt. Bei den hei-
gesetzten wahrscheinlichen Fehlern ist die Unsicherheit in der
Bestimmung der Planetendurchmesser bereits berficksichtigt.

Die lichtreflectirenden Krifte des Mondes
und der Planeten.

biltniss eines bequem zu beobachtenden Fixsterns zur Sonne ot
durch zahlreiche Beobachtungen festgestelit und alsdann die- Mond 051736 10,0035
ser Fixstern mit den Planeten verglichen wurde. Ich wiiblte Mar's 02672 iﬂ’ol?ﬁ
iiid Capella Sid Bl an:ier 0,6238 +0+0355
Saturn 0+4981 +0:0249
Sonne — 55760000000 Uranus 0:6406 40,0544
Capella Neptun 054648  +0,0372




Hvézdné atmosféry

anglicky astrofyzik némeckého puvodu Arthur Schuster 1851 - 1934
Priuchod zaireni mlhavou atmosférou, r. 1905, popis prenosu zareni pro
rozptylujici prostiedi, rozvoj teorie po fyzikalni a matematicke strance
pro popis prenosu zafeni absorpénim a emisnim prostredim, zareni z
nitra hvézd prochdzi vrstvou o velmi nizké hustoté

THE

ASTROPHYSICAL JOURNAL

AN INTERNATIONAL REVIEW OF SPECTROSCOPY
AND ASTRONOMICAL PHYSICS
; ‘
VOLUME x&t : JANUARY 1 Q0% NUMBER 1

RADIATION THROUGH A FOGGY ATMOSPHERE
By ARTHUR SCHUSTER

1. In’ discussing the transmission of light through a mass of gas,
it is ustal to consider only the effects of emission and absorption,
and to teglect all effects of scattering. But when the absorbing
mass holds fine particles of matter in suspension, the scattered light
materially affects the character of the transmitted radiation. I
propose to discuss the conditions under which “bright line” spectra
or ‘“‘dark line” spectra may be obtained from a radiating mass of
gas, taking account of scattering. I call an atmosphere ““foggy”
‘when scattering takes place to an appreciable extent. The applica-

" tions of the results of this investigation are, however, much wider
" than the title chosen would seem to imply, for there is some scattering
even from the molecules of a homogeneous substance, and to that
extent all bodies fall within the definition and may be called “foggy.”
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RADIATION THROUGH A FOGGY ATMOSPHERE 3

B varies from zero to infinity, but @ must lie between zero and
unity.
y=(1+ae)/(1—a) ,
Soy=1 +28+VB+B .
3. Let (Fig. 1) S,S, be a surface sending out the radiation .S, and
let this radiation after passing through part of the foggy atmosphere
be reduced to a value 4 and fall on a thin layer

of thickness dx. The effect of the layer is to 5:

absorb energy amounting to xAdx, and addition- ‘

ally to reduce the incident light by a quantity A | B
sAdx, which is not absorbed, but sent in equal EXE RS
amounts backward and forward as scattered light. <7 }r,'-‘ >
If the stream of radiant energy in the opposite 74 > B
direction is B, we have similarly a diminution ¢

of energy equal to («+s) B, of which, however, 2 Sic 4

4sB is sent both forward and backward as scat-
tered light. The layer also radiates energy in both directions equal
to kEdx. Collecting these effectss we obtain the equations:

d4

L=x(E-A)+1s(B—4) ()
O KB-E)+1s(B—4). (2)
Combining (1) and (2) we find:
d(Ad;B) wial=s A% B).. )

Differentiating (3) and with the help of (4)

a*(A +B)_
dx?

k(x+s)(A+B—2E) . _ (5)
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On a Physical Theory of Stellar Spectra.

By M. N. Sana, IM.Sc,, Lecturer in Physics and Applied Mathematics,
Calentta University.

(Communicated by Prof. A. Fowler, F.R.S. Received January 18, 1921.)

1. Introduction.

The present paper embodies an attempt towards a physical explanation of
the ordered gradation in the spectra of stars—a subject in which pioneering
work was done by the late Sir Norman Lockyer, but which was worked up
with systematic thoronghness at the Harvard College Observatory, under the
lead of the late Prof, E. C. Pickering and Miss A, J. Cannon* During this
interval the spectra of more than 100,000 stars have been photographed,
classified, and published with full details in the Henry Draper Memorial
Catalogue. The most noteworthy facts which have been brought to light
from these monumental studies have thus been summarised by H. N, Russell.t

“The spectra of the stars show remarkably few radical differences in type.
More than 99 per cent. of them fall into one or the other of the six great
groups which during the classic work of the Harvard College Observatory
were recognised as of fundamental importance, and received as designations,
by the process of the survival of the fittest, the rather arbitrary letters B, A,
F, G, K, M. That there should be so few types is noteworthy, but much
more remarkable is the fact that they form a continuous series. Every degree
of gradation between the typical spectra denoted by B and A may be found
in different stars, and the same is trne to the end.of the series, a fact
recognised in the familiar decimal classification, in which B5A, for example,
denotes a speetram half-way between the typical examples B and A, The
series is not merely continuous, it is linear. There exists slight difference
between the spectra of different stars of the same spectral class, such as Ao,
but these relale to minor details. Almost all the stars of the small out-
standing minority fall into three other classes (or rather four), denoted by
the letters P, O, N, R, Of these, O undoubtedly precedes B at the head of
the series, while R and N, which grade one into the other, come probably at
its other end, though in this case the transition stages are not clearly
worked out.”

Russell is of opinion that the principal differences in the stellar spectra
arise in the main from variations in a single physical variable in the stellar

# TTavvard, * Annals, vol, 28, Parte Tand 11 vols, 56, 76, and 91,
+ ¢ Nature,” vol. 03, pp. 227, 262, 261,
VOL, XCIX.—A. L
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atmosphere, and many converging lines of argument show that this variable
is the temperature of the stellar atmosphere, Table I shows these facts
diagrammatically with provisional values of the temperature.

Table I.
‘ Temperature.®
Btellar | s Becchi’s e T
class, Typical star, classification. Wilsing Remarks.
and Baha.
Scheiner.
Pb | The Great Orion — 15,000 Kt
Nebuls
Po LC., 4007 ......... — 50,000 KX — Gaseous nebule with
Oa B.D. +35° 4013 v 28,000 28,000-24,000| bright lines.
Ob |B.D.+385%,400L.. | . J0% = 23,000
Od ZPIEE;H Wolf-Rayet
Oe | 20 Canis Majoris #ha Henceforth all lines
Oeb | vCanis Majori ... ) are dark.
Bo «Orioni — 20,000 18,000
BSA | gTauri... T: 14,000 14,000
Ao aCanis Majoris .., Helium and | 11,000 12,000
Arﬂ" BATrisnguli . hydrogen stars, | 9,000
o a«Carine .
FS5A | aCanis M il i o 000
Go aAuri 5 + ¢
2 Yellow-red 5,000 7,000 The sun is s dwarf
Gisox :g‘:::irl' stars, 4,500 star of this olass.
- 4,200
KSM |aTsuri ; o 8,200
Ma | aOrionis ] } s 3,100 5,000
lllid 0Ceti - ggenhn 2,950 41000
2 - } Type IV 2,300

® (Compiled from the Harvard ‘ Annals,’ vol. 81, p. 5, and Russell’s paper, loc, eif. Tempera-
tures given under the hoading Baha are caloulated from the method given in the present paper.)

+ Buisson and Febry, ‘ Journal de Physique,’ 1012, p. 473 (calculated socording to the limit
of interfarence method).

It is necessary to dwell a little on the physical basis of stellar olassifica-
tion. The earliest astrophysicists classified the stars acoording to colour;
thus Seochi’s type I denoted white stars, type II stood for yellow stars,
type III for yellow-reddish stars, and type IV for deep red stars. But
Lockyer and Piokering found that the varying intensity of particular groups
of absorption-lines in stellar speotra was a far better oriterion of stellar
classification. Table II, compiled from the Harvard ‘ Annals,’ illustrates the
principle. :

[For the methods by means of which the intensity of a particular line in
different stars has been estimated, roference should be made to Harvard
« Annals;’ vol. 27, p. 234 ; vol. 56, p. 58 ; vol. 91, p. 5. The following is added
for the sake of general explanation:—

Numbers which are underlined denote that the line is bright ; otherwise
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The equation of the reaction-isochore for caleulating the equilibrium is®
‘ 1%% P= "ﬁ%""g log T—6°5. (5)
Where 2 = fraction ionised, P = total pressure.

Calculations for the ionisation of Ca, Sr, Ba, Mg, Na, K, Rb, Cs, H, He,
will be found in the papers A and B.

The next point in question is the identification of the ionised elements in
the physical systems in which they may occur. Spectroscopically,t it is
quite an easy matter, for the ionised elements show a system of lines which
is quite different from the lines of the neutral atom. They are generally
known as “enhanced lines.” The line-system of the neutral atoms, when
classified into series, have the Rydberg number N = (2m%'m/A®), but the
enhanced lines can be grouped into series only with the Rydberg number 4N.
This fact has been very satisfactorily established for He*, and the alkaline
earths by Fowler} and Lorenser.§ It is an easy corollary from Bohr's theory
of spectral emission that such lines should be due to the ionised atom.

For Zn, Cd, and Hg, Paschen and Wolff| have discovered a number of
lines in the extreme ultra-violet, which are analogous to the lines of the
alkaline earths.T Fues shows that these lines are due to the ionised atowmns
of the elements. For other elements, some lines are supposed to be due to
the ionised atom, but these have not yet been grouped into series or critically
investigated.®*

At the end of § 5, a Table of the chief lines of the neutral and ionised
elements are given, with their series-position.

3. Physical Processes Leading to Tonisation— Radiation of the Characteristic
Lines of the Newtral Atom.}+
The process of ionisation cannot be an abrupt one, for the electron, in the
course of passing off to infinity, can take up an infinite number of stable
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The Intensities of Absorption Lines in Stellar Spectra, and the
Temperatures and Pressures in the Reversing Layers of Stars. By
_ R. H. Fowler and E. A. Milne, (Plates 15, 16.)

(Commaunicated by the Divector of the Solar Physics Observatory, Cambridge.)

§ 1. Descriptive Introduction and Sumnmu —Saha’s theory of high-
temperature ionisation has been successful in accounting for many of
the principal features of stellar spectra. It has dealt chiefly with the
relative intensities of arc lines and enhanced lines under various con-
ditions of temperature and pressure. Its fundamental principle is that,
since arc lines can be produced only by the neutral atom, enhanced
lines only by the ionised atom, the relative intensities of the two kinds
of lines must give some indication of the relative numbers of neutral
and ionised atoms. Further,'since under given conditions of tempera-
ture and pressure these relative numbers can be calculated from the
theory of dissociative equilibrium, evidence is obtained as to the actual
temperatures and pressures in the reversing layers of stars.

The applications of the existing theory may be divided into two
main groups. The first is typified by comparisons between the spectra
of the solar chromosplere and the reversing layer, between the spectra
of the reversing layer and sun-spots, and between the spectra of giant
and dwarf stars of the same spectral type. It is shown that the intensity
differences are largely explained by changes in the degree of ionisation




Hvézdné atmoesféry

anglicky astrofyzik, matematik Edward Arthur Milne 1896 - 1950
anglicky fyzik, chemik, astrofyzik Ralp Howard Fowler 1889 - 1944

Intenzity absorpcnich car ve hvezdnem spektru, teploty a tlaky v
prevracejich vrstvach hvezd, r. 1923, ionizace — statisticka mechanika

May 1923. Intensities of Absorption Lines in Stellar Spectra. 423

A further point is that if we place on the temperature scale the
observed marginal appearances of one of the lines for which the
distribution curve is drawn, we find that appearance and disappearance
with increasing temperature do not seem to occur at the same relative
concentration. The arc lines of He appear, for instance, at 10,000°
at a relative concentration of suitable atoms of about 107%, But after
the maximum the relative concentration decreases only slowly, and
even at 35,000° it is still only a little less than 10—% so that these lines
should be still far from disappearing. According to Saha, Ag471 He
disappears in Oa stars to which he attributes a temperature of 24,000°;
the difficulty remains if we attribute a temperature 20,000° higher.
This is no doubt a defect of the theory. One’s impression of the
observed decay in the intensity of a line after reaching a maximum is
that the rate is not so much slower than its rate of rise as is indicated
by the relative shapes of the two sides of the distribution curve.

In this discussion any possible effect of the second and later terms
in O(T) has been ignored, A more exact discussion taking into account
the change in value of &(T) must lead to slightly steeper slopes on the
high temperature side, but it is doubtful if the effect will remove the
discrepancy. The fractional concentration of atoms suitable for absorb-
ing a subordinate series has been given as

grexi.ﬂ?T
By = [Es k' el ¥
B(T)eT 4 g T

where

b(T) =q, - Eg,e o Xﬂ')fkT.
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Note on the Absorption of Radiation within a Star.
By 8. Rosseland.

(Communicated by Prof. 4. S. Eddington, F.R.S.)

1. In a series of papers Eddington* has discussed the theory of
absorption and emission of radiation within a star in relation to his
theory of the hydrostatic equilibrium of a gaseous star. On this latter
theory the constitution of a star will depend intimately on the absorption
coefficient of the material, and conversely it is possible to derive from
stellar data a value of this absorption coefficient, the value being
appropriate for the far interior of the star. In the papers referred to
above Eddington is concerned with the caleulation of what may be
called the arithmetic mean value of the absorption coefficient, which is
defined in such a way that if @, is the absorption coefficient for radiation
of frequency, v and B(v)dv the energy of black body radiation in the
interval v to v+ dv, the mean absorption coefficient = is given by

j:B(v)x;dv
~ TBG)a

Y

(1)
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cantly small compared to A, itself. The total flux of radiation for all
frequencies is therefore

__'c[aB(v) dv |
T 5[ e e )
0

In his theory Eddington worked ab imifio with the mean value of
the absorption coefficient «, so that the total flux took the form

E"B{v)
xpj & = = = w (g
and « is thus defined by
e
T =,
£=0m " o . . (10)
x B
ETF -V

0

where we have differentiated with respect to the temperature instead of
the radius ». From the above expression 1t appears that it is not
properly the absorption coefficient itself which has to be averaged but
its inverse value, the generating function being the derivative of the
energy danalty w1th respect to temperature

1 *11 il i = e G e G Lk e
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T'he Theoretical Contours of Absorption Lines in Stellar Atmospheres.
By E. A. Milne.

1. “ The Number of Atoms per Square Centimetre above the Photo-
sphere.”—The recent important work of Unsold,* of Miss Payne,t and of
Adams and Russell 1 has been largely concerned with the determination,
by line-contours and line-intensities, of the number of atoms of a given
kind or given state of excitation and ionization per square centimetre
column above the photosphere of the sun or of any star. If the photo-
sphere of a star were a definite geometrical surface, the phrase ““ amount
of material above the photosphere” would have an unambiguous
meaning ; the atmospheric region would be a definite entity, just as

* Zeus. fur Phys., 44, 793, 1927 ; 48, 765, 1928.
t Proc. Nat. Acad. Sev., 14, 399, 1928,
1 Adstrophys. Journ., 88, g, 1928,
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Model Stellar Atmospheres. By W. H. McCrea, Ph.D.

1. Introduction.—This paper makes some attempt to work out the
behaviour of stellar atmospheres from physical data alome. It deals
only with greatly simplified models, but the point of view is different
from that of previous approaches to the subject. A semi-empirical
absorption coefficient has always been used. When it has been
employed to calculate the behaviour of a particular species of atom,
the individual contribution of that species to the absorption could not
be taken into account. It has been necessary to take an assumed
general law for the absorption, and to fix the constants in it by com-

arison with astronomical observations, which has meant that details
of its dependence on ionisation and composition could not be fully
allowed for. Now this process is the only one practicable, at any rate
at present, for detailed comparison with observation, and is one which
leads to the discovery of the law of absorption, by testing various
possibilities. But if we could know all about the absorption before-
hand from pure physics we should get a surer understanding of the
atmospheric phenomena, we should be able to allow for the detailed
effects just mentioned, and we might get explanations of phenomena
not previously accounted for. In point of fact, we have not yet got
this knowledge, and even if we had it would be very difficult to carry
out the necessary calculations. We can, however, take very simplified
models, which we may still expect to provide a check on the other
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problem 1t 1s all that can be hoped for. It is in no semse a criticism
of Milne’s standard papers * on the subject. That some fresh attack
from this angle might be of interest was suggested by Professor Milne
after be had noticed the difficulties connected with one-constituent
atmospheres referred to in § 9 below.

2. Model Atmospheres.—In the first instance the effect of the mixture
of gases can be represented by taking just two constituents. The
theoretical absorption coefficient, however, has been worked out only
for systems of single nuclei and electrons, and so in stellar atmospheres,
where elements are mostly only once or twice ionised, it really applies
only to hydrogen. Hence, in order to have a proper absorption coefficient
to go upon, we shall have to take both elements to be hydrogen-like.
We take one actually to be hydrogen (H) with ionisation potential
13:54 volts, and the second to be a hypothetical element (X) with
ionisation potential 5 volts. Even for hydrogen, however, this is not
expected or intended to reproduce in an exact quantitative manner
the behaviour in any actual star.

We therefore set about caleulating the ““ number of atoms above the
photosphere,” which will predict the main spectroscopic behaviour,

and the electron pressure, in model stellar atmospheres composed of
mixtnres in different nranartiong of elamentes H and X
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atom in quantum state 1. Then a,(v) gives a contribution per normal
atom a,(v) where

N
60) = Ja0) = SHm .. L@

ny

We shall suppose there is local thermodynamic equilibrium at
temperature T, so that the usual ionisation formula gives

N\N,/n; = (2mmkT)bex/AT[}3 . . (3)

in the usual notation, where y, is the ionisation potential, being the
negative energy corresponding tol = 1.

Taking now Milne’s value for the function f(T) with the constants
appropriate to hydrogen, and making use of (3), we find

16m% €8
W) = 275 P

eNI(L — W) ()

These results are true whether or not all the free electrons are due
to hydrogen. The quantities N;, N,, n, enter in such a way that the
absorption coefficient per normal atom is a function of T and v only,
and not of the pressure.
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1031. Model Stellar Atmospheres.
TaBLE I,

Te, log K. log . log L. log L
o2 27-6849 23-7606 5-1869 2-8347
03 15-4892 12:5076 1-8238 2:-5067
04 9:4837 7'9054 2:2347 42347
o5 5'1351 30261 3'7359 5-2058
o6 36059 T-0626 47749 5:8128
07 1-3966 0+4867 55400 6:2133
o8 0'7592 15314 6:1347 6-4925
0°9 1-8339 2+3267 6:6122 6:6925
10 2:7060 20483 7'0004 6-8383
11 34294 34452 7:3388 6:9464
12 4:0404 3'8499 7:6241 70274
1°4 5'0194 4'4631 80911 7°1329
16 57732 4:9007 8+4609 7'1902
18 64747 5:2233 8:7638 7:2183
2:0 6:8677 54075 9-0179 7'2374

2.2 2811 5-6558 9-2359 72241
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CHAPTER XIII

THE RELA’I‘IVE ABUNDANCE OF THE ELEMENTS

THE relative frequency of atomic species has for some time been
of recognized significance. Numerous deductions have been
based upon the observed terrestrial distribution of the elements;
for example, attention has been drawn to the preponderance of
the lighter elements (comprising those of atomic number less
than thirty), to the ““law of even numbers,” which states that
elements of even atomic number are far more frequent than ele-
ments of odd atomic number, and to the high frequency of atoms
with an atomic weight that is a multiple of four.

The existence of these general relations for the atoms that
occur in the crust of the earth is in itself a fact of the highest in-
terest, but the considerations contained in the present chapter
indicate that such relations also hold for the atoms that con-
stitute the stellar atmospheres and therefore have an even deeper
significance than was at first supposed. Data on the subject of
the relative frequency of the different species of atoms contain
a possible key to the problem of the evolution and stability of
the elements. Though the time does not as yet seem ripe for an
interpretation of the facts, the collection of data on a compre-
hensive scale will prepare the way for theory, and will help to
place it, when it comes, on a sound observational basis.

The intensity of the absorption lines associated with an ele-
ment immediately suggests itself as a possible source of informa-
tion on relative abundance. But the same species of atom gives
rise simultaneously to lines of different intensities belonging to
the same series, and also to different series, which change in in-
tensity relative to one another according to the temperature of

-the star. The intensity of the absorption line is, of course, a
very complex function of the temperature, the pressure, and the
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The Origin of the Nebulium Spectrum.

In the spectra of the gaseous nebul® several very
strong lines are found which have not been duplicated
in any terrestrial source. Many lines of evidence
point to the fact that the lines are emitted by an
element of low atomic weight. Since the spectra of
the light elements, as excited in terrestrial sources,
are well known, this leads to the conclusion that there
must be some condition, presumably low density,
which exists in the nebuls, that causes additional
lines to be emitted.

A type of line, which one would expect to be affected
by density in this manner, is that caused by a jump
from a metastable state to a lower level. Such a
metastable state is usually considered to be one from
which jumps are very improbable, that is, one of
which the average life is very long. Consequently,
under terrestrial conditions, where the time between

in the adjustment of series limits for either the
quartets or the doublets can account for the deviation
in wave-lengths.

The strongest lines in the whole nebulium speetrum
are the pair at 5006-84 A.U. and 4958-91 A.U. These
have a separation of 193 frequency units, which is
in almost exact agreement with the separation of
192 units observed for ?P,-2P, in Om. This at once
suggests that these two lines are 3P,-1D, and *P,-1D,
respectively. The relative intensity of these two
lines is just what would be expected.

Another strong pair occurs at 65836 A.U. and
6548-1 A.U., showing a separation of 82-3 frequency
units. This agrees very well with the known separa-
tion of 82-7 for 2P,-3P, in Np. If these lines are
identified as 3P,-'D, and *P,-'D, of Ny, one can
calculate at once the term value of 1D,, since those of
3P are already known. This !D term should combine
Etruuﬁly with the !P term of the #*p-s configuration
and the 1D term of the s?p'd configuration. The term
values of these singlet terms have already been
determined accurately by Fowler. The calculated
positions of the lines arising from these combinations,
obtained with the use of the above nebulium lines,
are 746-98 A.U. and 582-15 A.U. Strong lines are
observed in the nitrogen spectrum at 746:97 A.U. and
582:16 A.U. This furnishes almost certain proof of the
identification of this pair of nebulium lines.
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impacts is a very small fraction of a second, the
metastable atom, in general, will be dropped down to
a lower state by collisions of the second kind or by
impact with the walls long before the return would
take place spontaneocusly with the emission of radia-
tion. Under conditions in the nebul®, however, the
time between impacts is very long, and many of these
atoms will have a chance to return to lower states
with the emission of radiation corresponding to the
difference in energy between these metastable states.

Since the nebule are known to emit the well-known
spectra of highly ionised nitrogen and oxygen, these
ions at once suggest themselves as poasible sources
of the unknown lines as well.

In a four-electron system such as Ny and O the
lowest ene levels are due to the configuration of
2 (2s) and 2 (2p) electrons. According to the Hund
theory, this configuration gives rise to 3P, 1D, and
18 terms. All but the lowest of these are metastable,
since any jump between them involves a zero change
in the azimuthal quantum number. In a five-electron
system such as Oy, the normal configuration of 2 (2s)
and 3 (2p) electrons forms 48, 2D, and 2P terms. These
are likewise metastable.

The frequency of lines due to jumps between these
terms can be calculated accurately in only two cases,
namely, 1D-1§ of O and 2D-2P of Oy. The calcu-
lated frequencies, if wunresolved, are 22916 and

0 22700 2E4c0 51800

The other lines to be expected, on the above
hypothesis, from Nyu, Nur, On, and Oy, fall outside
the range of wave-lengths easily observable in nebulz.
The above identifications account for all but two or
three of the strong nebulium lines. It should be noted
that in every case where it has been possible to make
an exact prediction, a strong nebulium line has been
observed at the calculated place. Furthermore, the
above identifications are entirely in accord with the
behaviour of these lines in the nebul®e as observed
by Wright.

The nebulium lines thus far identified are collected
in Table 1.

TasrLe I.

A, Source. Serles Designation,
73250 Ou :D .2P
6583-6 Nu 3P,-\D
6548-1 Nn P,-\D
5006-84 Om 3P,AD
4058-91 Om ipP.-D
4363-21 O 1D A8
3728-91 On i
3726-16 On 4S 1D,

I. S. BowEnN.

Norman Bridge Laboratory of Physics,
California Institute of Technology,
Sept. 7.




Hvézdné atmosféry
Subrahmanyan Chandrasekhar 1910 - 1995

americky astrofyzik indického puvodu, Prenos zaieni r. 1960, shrnuti
vysledkil feSeni rovnice zafivé rovnovahy

Radiative
Transfer




Hvézdné atmosféry

americky astrofyzik Henry Norris Russell 1910 - 1995, O sloZeni

slunecni atmosfery r. 1929

ON THE COMPOSITION OF THE SUN’S ATMOSPHERE"
By HENRY NORRIS RUSSELL:

. ABSTRACT
The energy of binding of an electron in different quantum states by neuiral and

"singly ionized atoms is discussed with the aid of tables of the data at present available.

The structure of the spectra is next considered, and tables of the ionizalion potentials and
the most persisient lines are given. The presence and absence of the lines of different
elements in the solar spectrum are then simply explained. The excitation potential, E,
for the strongest lines in the observable part of the spectrum is the main factor. Almost
all the elements for which this is small show in the sun. There are very few solar lines for
which E exceeds 5 volts; the only strong ones are those of hydrogen.

The abundance of the various elements in the solar atmosphere is calculated with
the aid of the calibration of Rowland’s scale developed last year and of Unséld's studies
of certain important lines. The numbers of atoms in the more important energy states
for each element are thus determined and found to decrease with increasing excitation,
but a little more slowly than demanded by thermodynamic considerations.

The level of ionization in the solar atmosphere is such that atoms of tonization poten-
tial 8.3 volis are 50 per cent ionized.

Tables are given of the relative abundance of fifty-six elemenis and six compounds.
These show that six of the metallic elements, Na, Mg, Si, K, Ca, and Fe, contribute g5
per cent of the whole mass. The whole number of metallic atoms above a square centi-
meter of the surface is 8 X 1c*. Eighty per cent of these are ionized. Their mean atomic
weight iz 32 and their total mass 42 mg/cm?. The well-known difference between ele-
ments of even and odd atomic number is conspicuous—the former averaging ten limes as
abundant as the latter. The heavy metals, from Ba onward, are but little less abundant
than those which follow Sr, and the hyiothesis that the heaviest atoms sink below the
photosphere is not confirmed. The metals from Na to Zn, inclusive, are far more common
than the rest. The compounds are present in but small amounts, cyanogen being rarer
than scandium. Most of those elements which do mnot appear in the solar spectrum
should not show observable lines unless their abundance 1s much greater than is at
all probable. There is a chance of finding faint lines of some additional rare earths and
heavy metals, and perhaps of boron and phosphorus.

The abundance of the non-metals, and especially of hydrogen, is difficult to estimate
from the few lines which are available. Oxygen appears to be about as abundant by
weight as all the metals together. The abundance of hydrogen may be found with the
aid of Menzel’s observations of the flash spectrum. It is finally estimated that the
solar atmosphere contains 60 parts of hydrogen (by volume), 2 of helium, 2 of oxygen, 1 of
metallic vapors, and 0.8 of free elecirons, practically all of which come from ionization
of the metals. This great abundance of hydrogen helps to explain a number of previously
puzzling astrophysical facts. The temperature of the reversing layer is finally estimated
at 5600’ and the pressure at its base as o.005 atm.

A letter from Professor Eddinglon suggesting that the departure from the thermo-
dynamic equilibrium noticed by Adams and the writer is due to a deficiency of the num-
ber of atoms in the higher excited states is quoted and discussed.
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Hvézdneé atmosféry - Johann Jacob Balmer
1825 - 1898

Svycarsky matematik v Basilej1 r. 1885 s1 vSiml, ze Cary vodikového
spektra se zhusSt'uji k hrané s vinovou delkou blizkou 365 nm, napsal s1
vlnove délky vSech Car a snazil se v nich uhodnout né¢jakou pravidelnost.
Objevil vztah, ktery squhlasil s experimentalnimi udaji,

A, = 36456 —— [nm].  kde m=3(H,).4(H,). 5(H,). 6(H,)

m

m —4
1 | 1 1 s pmvom ian
L. — = R |———|. kde m>2 jepirozené ¢islo
Pozdéjt se zavedlo A, 12° m"
R= _4 — = 1.097213-10" m™ t.zv. Rvdbergova konstanta.
a 364.56-10™

1 i 0§ P
zobecnény Balmertv vztah 7 ~ R L—E—F} . kde n, m>n jsou piirozena ¢isla

studia v Basilej1, Karlsruhe, Berlin, doktorska disertace 1849 o
cykloidach, soukromy docent deskriptivni geometrie na univerzité v
Basileji.




Hvézdneé atmosféry - Johann Jacob Balmer

Clanek Poznamky o spektralnich carach vodiku

V. Notiz itber die Spectrallinien des Wasserstoffs;
von J. J. Balmer.

(Aus den Verhandl. d. Naturforsch, Ges. zu Basel, Bd. 7, p. 548, mitgetheilt
vom Hrn., Verfasser.)

Ausgehend von den Messungen von H. W, Vogel und
Huggins iiber die ultravioletten Linien des Wasserstoff
spectrums habe ich versucht, eine (leichung aufzusuchen,
welche die Wellenlingen, der verschiedenen Linien in be-
friedigender Weise aunsdriickt, ich wurde dazu durch die Auf-
munterung von Hrn.Prof. E.Hagenbach ermuthigt. Die sehr
genauen Messungen Angstrdm’s der vier Wasserstofflinien
ermdglichten es, fiir deren 'Wellenliingen einen gemeinschaft-
lichen Factor aufzusuchen,der zu den Wellenldngen in miglichst
einfachen Zahlenverhiitnissen stand. So gelangte ich denn
allméhlich zu einer Formel, welche wenigstens filr diese vier
Linien als Ausdruck eines Gesetzes gelten kann, durch wel-
ches deren Wellenlingen mit einer tiberraschenden Genauig-
keit dargestellt werden. Der gemeinschaftliche Factor fiir
diese Formel ist, wie er sich aus den Angstrdm’schen Be-
stimmungen ableitet:

(h = 3645,6 %})
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Johann Jacob Balmer

Fiibrt man mit diesen Coéfficienten und der Grundzahl
3645,6 die Berechnung der Wellenlingen aus, so erhilt man
folgende Zahlen in 10~7 mm fiir dieselben.

Es wird nach der Formel

Angstrom hat Differenz

He (C-Linie) = %, & = 6562,08 6562,10 +0,02
Hf (F-Linie) = 33 & = 4860,8 4860,74 ~0,06
Hy (vor G) = %, h = 4340 4340,1 +0,1
Ho (h-Linie) = %, & = 4101,3 4101,2 ~0,1

Tabelle der Wellenlinge fiur die Wasserstofflinien in 10~7 mm.

” il Ful ! U]t-l';'l’]_ﬂ:]_ tt-"_ o
L = ‘ = - - R = R A T i‘lﬁt-t-elwurihﬁ
Fraunhofer's | & = @ | R =z = | £ = | de
Bexei A T I T T T I T o= = a - g | f

zeichnung : | = e L= | = w E LA M J!, = || Grundzahl &
. (™ |8 |8 /N T L N O T T L

Beebachter: i | ’ | |
Van d. Willigen) || 6565,6 | 4863,94 | 434200 [t1oss [ H,=39m1,8) — - — — 1 &= 8647,821
Angstrim . . |' 6562,10 | 4868,74 | 4340,10 {41012 (M, =3068,1) — — - - h = 3645589
Mendenhall . . |6561,62 860,18 — | — — - | - — - h = 3645232
Mapcart . . . . | G564, T | 48584 r — | = 1’.!1'1=!:IBE1',2]i — —_— - — A = 3644 542
Ditacheiner . . | 6550,5 | 4859,74 | 438,60 [um,u i{HF:mau,E.; - o= - — || & = 3644,460
Hugginx . e . |I — fir dis uiiravioeiien F-Liokn weimer Blarns A58T,5 | SH34 4Ta5 3787,5 & = 3643846
‘l’ugnl e e e . I' — i — | —_ 1 — | 3964 dsu7 8534 3795 BT69 A = 3844379

i

| ! | | 1 |
Formel: H= — .ﬁ|| =4 m=4| m=>5 ﬂ-llil o= 7 mm B | o m="9 | = 10| = =11

mr—2r -

A = 36458 | 562,08 | 45605 |4840  [4100,3 | 3969,65 | 38864 | su84.98 | 87975 | 87702 ||

h = 3645 | 6561 4860 | 4389243 1uu,s=5| 3969 | a8s8 | 3584,35 | $796,675) 769,61 [

1) Wenn man diesen, durchschmittlich um (., boher stehenden Werthen nur ', soviel Gewicht beilegt, wie
den Ghrigen Beobachtungen, so erhilt man als penaven Mittelwerth fir & :3645.
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Hvézdné atmosféry

Spektralni série car atom vodiku
pro m = [ - série Lymanova (ultrafialova ¢ast spektra), objevena 1904
Theodore Lyman 1874-1954

pro m = 2 - série Balmerova (viditelna ¢ast spektra), objevena 1885
Johann Jacob Balmer 1825-1898

pro m = 3 - serie Paschenova (infraCervena Cast spektra), objevena 1908
Friedrich Paschen 1865-1947

pro m = 4 - serie Brackettova (infraCervena Cast spektra), objevena 1922
Frederick Summer Brackett 1896-1988

pro m = 5 - série Pfundova (infracervena Cast spektra), objevena 1924
August Herman Pfund 1879-1949




H — R diagram

dansky astronom Ejnar Hertzsprung 1873-1967, O zdi‘eni hvézd,
r. 1905, v tabulkove podobé provedl rozd€leni hvézd na posloupnost
trpasliktu a obru, Zur Stralung Der Sterne. Zeitschrift Fiir
Wissenschaftliche Photographie, 3 (1905)

-

£ f':’.'.f'.l"'_'.\;,f-'f'-'-',-'.-'_:"’_ Zur Straklung der Sierne. 429

Zur Strahlung der Sterne.

Von Ejnar Hertzsprung.

In den ,,Annals of the Astronomical Observatory of Harvard
College® Vol. XXVIII (Cambridge 1897—1901) geben Antonia
C. Maury und Annie J. Cannon eine detaillierte Ubersicht von
Spektren der bezw. nérdlich und siidlich sichtbaren hellern Sterne.

Die beiden ersten Siulen der untenstehenden Tab. 1 geben
eine gekiirzte Ubersicht der von den genannten Autoren benutzte
Bezeichnung der Spektralklassen. In den zwei letzten Siulen sind
charakteristische Sterne nebst iliren Spektren angegeben. Fiir die
nihere Beschreibung der benutsten spektralen Kennzeichen mufi
auf die Originalarbeiten hingewiesen werden. Hier mogen nur einige
Worte iiber die drei Unterabteilungen &, ¢ und ¢ Platz finden. Die
O-Sterne haben breitere Linien als die der ,,division @. Die rela-
tiven Intensititen der Linien scheinen aber die gleichen fiir @~ und
0-Sterne zu sein ,;s0 that there appears to be no decided difference
in the constitution of the stars belonging respectively to these two
divisions®.)) Als wichtigste Merkmale der Unterabteilung ¢ kénnen
erwihnt werden erstens, dafl die Linien ungewdhnlich eng und
scharf sind, zweitens, daff zwischen den , metallischen* Linien solche

LA L 1 LA 1 U= Lo LRI 1 L e irenelll! amanis 1
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H — R diagram
dansky astronom Ejnar Hertzsprung, O hvézdach skupiny c a
ac spektralni klasifikace A. C. Maury (1866-1952), r. 1909

ASTRONOMISCHE NACHRICHTEN.

Nr. 4296.

-

Band 174q.

24.

Uber die Sterne der Unterabteilungen ¢ und ec
nach der Spektralklassifikation von Antonia C. Maury. ?
Von Ejnar Hertssprung. '

In ihrer Arbeit »Spectra of Bright Stars¢< (Harv. Ann. 28
Part I) ordoet Antonia C, Maury die untersuchten Spektren
von 681 Sternen der Mehrzahl pach in einer kontiuierlichen
Reihe von 22 Gruppen ap, welche mit den Orionsternen
anfingt, um durch die Sirius- (Gruppe VII) und Sonnen-
(Gruppe X1V) Typen gehend mit den roten Sternen zu enden.
Innerhalb jeder Gruppe werden die Spektren weiter nach dem
Aussehen der Linien in Unterabteilungen » Divisions« getrennt
und zwar bezeichnet ¢ Spektren mit sehr scharfen, 4 mit sehr
breiten Linien und @ solche, die dazwischen liegen. Weitere
Zwischenstufen werden mit den kombinierten Buchstaben ar
und aé bezeichnet.

Die Spektren der Unterabteilung ¢ zeichnen sich ferner
dadurch aus, dal) unter den »Metall-¢<Linien einige anscheinend
nicht mit Sopnenlinien zusammenfallen. Viele von diesen
Metallinien sind ungewdhnlich stark und die relativen Inten-
sititen entsprechen nicht dem Sonpenspektrum:

»In general, Division ¢ is distinguished by the strongly
defined character of its lines, and it seems that stars of this
division must differ more decidedly in constitution from those
of Division ¢ than is the case with those of Division 5«
(l.c 8. 5).

Die ¢-Sterne hiren mit der Gruppe XIII und die g«
Sterne mit der Gruppe XIV auf, so dal in den Gruppen
mit h6heren Nummern keine solche Sterne mehr vorkommen.

Mafl camsaa e Blaic o —aVaba oo ‘AccoJdioo o e

hell, miilte «¢ Aurigae eine Parallaxe von o778 haben, was
nicht zutrift. Auch a Aurigae hat viel grolere absolute
Leuchtkraft als die Sonne. Dall die Ursache dieser grolen
Helligkeitsunterschiede wahrscheiplich nicht in der Verschie-
denheit der Massen zu suchen ist, habe ich a.a.0.?) aus-
einandergesetat. .

Es fragt sich nun, ob es nicht m&glich sein wird, spek-
trale Aquivalente solcher Helligkeitsunterschiede zu finden,
kleine Unterschiede in den Spektren aufzufinden, die mit den
groBen Anderungen der absoluten Helligkeit zusammengehen,
speziell ob die Merkmale der Unterabteilungen ¢, & und 5
solche Aquivalente anzeigen.

Um dieses zu priifen, habe ich die Eigenbewegungen
nach Kapteyn ?) benutzt und gefunden, dal innerhalb jeder
Gruppe zwischen den Unterabteilungen & und 2 kein syste-
matischer Unterschied der auf gleiche Sterngrdle reduzierten
mittleren sekularen Parallaxe besteht, dal aber die Eigen-
bewegungen der ¢-Sterne als bisher unmelbar klein zu be-
zeichnen sind.

Von Antonia C. Maurys 18 ¢- und 17 @c¢-Sternen
kommen in dem Neuen Fundamentalkataloge des Berliner
Astron. Jahrbuchs je 12 ¢- und ac¢-Sterne vor und auler-
dem zwei spektroskopische Doppelsterne, deren eine Kom-
ponente ein ¢-Sterm zu sein scheint. Diese 26 Sterne sind
in Tabelle 1 enthalten.




H — R diagram

O hvézdach skupiny c a ac spektralni klasifikace A.C.Maury, r. 1909

Siern- Sekulare Eigmbf_\r egung

%HERQ ?r?::' ;:Er::':]_ beobachtet
g T Sterne Grélbe Richtung

22 Androm, 5.08 Xlac 6795 o’go 110°
a Ursae min. 2.12 Xlllac 1232.46 4.31 86
a Persei 1.go XIl'ac 82.22 3.83 133
v Persei 3.93 XIlac 19.59 0.86 2126
10 Camelop. 4.22 XIVac 6.89 1.1§ 183
a Leporis 2.69 XI'ae 16.44 0.34 49
§ Geminor, (3.8) XIVac 8.36 .29 192
v Ursae maj.  3.8¢9 XI'ac 9.46 32.77 242
& Sagittarii 3.02 XI'ac 14.13 3.62 168
7 Aquilae (3.7) XIVac 8.7% 1.25 226
a Aquarn 319 XIVac 11.07 1.58 245
¢ Cephei (3.9) XlIVar 8.75 1.36 280
o Androm. 3.63 VII', V& — 3.03 11§
B Lyrae (3.4) VIIg IV — 0.46 112

Das mittlere Quadrat der sekularen Eigenbewegung
eines ¢-Sternes betriigt hiernach 0.98 = (4-0788)%. Diese

Tahl amtornsiaht ot Aar Mananiclaié malrsha man wan Aan

Stern- Sekulare Eigenbeweg.

she Spek- normal Nk

ﬁ‘ R. o fg{ﬂ:;}:‘ achtet
T Monocer. (5.7) XIVac 35 —
T Navis, /Pupp. 4.10 VIII'ac 7.4 179
¢ Navis, 7/ Pupp. 4.35 XIVac 6.5 6.7
v Herculis 4.48 Xlac 9.2 1.0
41 Cygni 409 XIl'ac 30.0 o073

Wenn man vor Bestimmung der Prizessionskonstante
' die Sterne nach ihren Spektren teilt, wird der mittlere Fehler
dieser Konstante bei den ¢-Sternen, trotz ihrer geringen Zahl,
von derselben Grolenordnung wie bei den 1000 fibrigen
Fundamentalsternen zusammengenommen. Der aus den 12
in Tabelle 1 enthaltenen ¢-Sternen abzuleitende Korrektions-
faktor der Priizessionskonstante betriigt aus den Eigenbewe-
gungen in RA, 1 — 0.000023 4 c.000040 (m. F) und in
Dekl. 1 + o.c00057 4 o.000210, wihrend die von New-
comb 5) zusammengestellten 11 Bestimmungen dieser Kon-
stante 5072329 X (1 & 0.000359), [m. F. des Einzelwertes]

ergeben.




H — R diagram
némecky astronom Hans Oswald Rosenberg 1879 — 1940

Vitah mezi jasnosti a spektralnim typem
v Plejadach, r. 1910

[
e

[

=y

4|, _
0 =
T .
40 -
2 .
AL -
.| . —
.| B -
a0
20 -
4L [®
B
AL Pe =
6.0,
2( =
- Al
bl | g8 =
S |e o]
7.0 ry
2L . K
AL = =
8| o B
S L . |
0
! o’
} -2 —
L]
4L
By =
Bl | .
i
8.0 3
2 _
4 . e
8. | )
.| I8 —4
0 |

| | ' I T i
I|f1€_’§11576;£321_&723#?6789‘

Obrdzek 1.4: Rosenbergav diagram z [18]. Na vodorovné ose je spektrilni téfda a
na vertikdlni pozorovand hvézdn4 velikost.




H — R diagram

Nad uzZitim fotograficke efektivni vinové délky k urceni odpovidajici
barvy, r. 1911
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Fig. 4. Plejaden.
Abszisse: Photographische Sterngrife my.
Ordinate: Farbendquivalent Jo der effektiven Wellenlingen in A auf die Bildstirke ¢(d) = 872 reduziert.
= physische Mitglieder der Plejaden.
o andere Sterne derselben Gegend.




H — R diagram

dansky astronom Ejnar Hertzsprung, Nad uZitim fotografické
efektivni vinové délky k urceni odpovidajici barvy, r. 1911
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Obrazek 1.1: Hertzsprunguv diagram z [8]. Na svislych osich je efektivni vinov4 délka
v A. Osa za&inajici &islem -4 znazoriiuje absolutni hvézdnou velikost. Zbylé osy x
zacinajici 4 (horni obrédzek horni osa), ptip. 3 (spodni obrazek dolni osa) zndzorfiuji
pozorovanou hvézdnou velikost.




H - R diagram
americky astrofyzik Henry Norris Russell 1910 - 1995, Vztah mezi
spektrem a dalSimi charakteristikami hvezd, r. 1914
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Obrizek 1.2: Russelliiv HR diagram pro hvézdy z [15]. Na vodorovné ose jsou spektraln{
tiidy, na vertikdlni absolutnf hv&zdn4 velikost.




H — R diagram

Vztah mezi spektrem a dalsimi charakteristikami hvezd, r. 1914
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H - R diagram

dansky astrofyzik Bengt Georg Daniel Stromgren 1908-1987,
O interpretaci H-R diagramu r. 1933, odchod hvézd z hlavni

posloupnosti, thel sklonu zdvisi na obsahu vodiku

On the Interpretation
of the Hertzsprung-Russell-Diagram.

By Bengt Stromgren.
With 4 figures. (Received July 13, 1933.)

The hydrogen content is computed for 40 stars by the method described in a

previous paper. The computed hydrogen contents indicate that the position

of a star in the Hertzsprung-Russell-diagram is determined by its mass and

hydrogen content. With the aid of the results obtained the observed distribution

of the stars in the Hertzsprung-Russell-diagram is interpreted. Some problems
of stellar evolution are discussed.

1. The present investigation is an attempt to interpret the observed
distribution of the colours and luminosities of the stars, i. e. the observed
distribution of the stars in the Hertzsprung-Russell-diagram.

The point of issue is the theorem of Russern and Voer that the equi-
librium configuration and appearence of a star is determined by its mass
and chemical constitution. From Eppmerons work we know that the
equilibrium configuration is not much influenced by changes in chemical
composition, except when these involve changes in the content either of
radioactive elements, or of hydrogen (or helium) or, we can add now, of
neutrons. Recent work on the hydrogen content of the stars!) indicates
that the hydrogen content is an important factor.

When the mass, the radius and the luminosity of a star are known,
1t is possible to calculate its hydrogen content. In the present paper use




H - R diagram

O interpretaci H-R diagramu r. 1933, odchod hvézd z hlavni
posloupnosti, thel sklonu zavisi na obsahu vodiku

On the Interpretation of the Hertzsprung-Russell-Diagram. 223

the stars in the H.-R.-diagram is thus determined by the distribution of
stellar masses and hydrogen contents. The peculiarities of the distribution
in the H.-R.-diagram are a consequence of the peculiarities in the distri-
bution of mass and hydrogen content and of the peculiarities of the trans-
formation from the mass-hydrogen content-diagram to the H.-R.-diagram.

From the results obtained we conclude that, for the stars in general,
there 1s no evolution on the short time-scale, possibly evolution along the
lines of constant mass in the H.-R.-diagram with changing hydrogen
content on the intermediate time-scale, while the course of an eventual
long-scale evolution is as yet impredictable.

In section 2 we deal with the computation of hydrogen  content from
mass, radius and luminosity. In a previous paper (I) we have treated the
sun, Sirius and Capella in detail. The method here used is the same,
but to cover all cages it is necessary to compute opacities for a few more
values of the temperature and the density. Further the effect of scattering
which was previously pointed out is taken quantitatively into account.




H - R diagram

O interpretaci H-R diagramu r. 1933, odchod hvézd z hlavni
posloupnosti, thel sklonu zavisi na obsahu vodiku

| It has been pointed out (cfr. EppverToN, loc. cit. above and I) that
- scattering plays an important part in the case of the B-stars. In order to
i take account of scattering the effect of simultaneous absorption and
! scattering was investigated.

| Consider a mixture of X gram hydrogen and 1— X gram of the
: Russell-mixture at temperature T and density g. The opacity due to
| absorption 1s (cfr. p.224): |

| .58

| fobe — [25.59) -::X ey

- The opacity due to scattering alone is (cfr. 1. C. S. p. 77):
o= 0.20(1 + X).

The opacity due to simultaneous absorption and scattering is required.
To find this quantity we have to add absorption and scattering for each
frequency and take the Rosseland-mean. For the frequency « (unit of
frequency h/kT) we have (cfr. I, p. 135)

Dig)
mg 3

a(z) =
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That the residual opacity is greater than the sum of the component
opacities is just what one would expect [cfr. E. A. Miung?)].

In I, p. 133 an expression for the number of K-, L-, M- ete. electrons
retained was given (cfr. also EppixeTon, loc. ecit.):

-

An L

N 9 8 ekT kT
= n

Xn

o, 8
1_|_ng kT

This expression was derived using the coulomb-field of the nucleus
without taking account of the shielding by the electrons retained. The
coulomb-field of the nucleus was also used for computing the absorption.
When high densities are not involved the approximation is sufficiently
accurate. '

With the aid of this expression it is an easy matter to compute the
total number of electrons retained by the various elements of the Russell-
mixture (cfr. I, p. 139), and thus the number of free particles per H gram
of this mixture, for different values of T and w/kT.

Only K-, L- and M-electrons were considered. When the number
of electrons bound in shells with n = 4 begins to influence the number
of free particles per H gram appreciably, it will be necessary to consider
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For a number of points in the M-X-diagram the corresponding
points in the H.-R.-diagram were computed in this way. The results
are shown in Fig. 4. The full lines go through points corresponding to
stars of equal hydrogen content, the broken lines through points corre-

]

I

43 42
Bz b5

of equal hydrogen content cut each other.

¥
b5

Fig. 4.

| |
w39 38 37 By
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art  af7 a7 aky

sponding to stars of
equal mass. The values
of X and M for each
curve are indicated 1n
the diagram.

The line with X=0.27
would correspond to the
normal line considered
in I. The sun and Sirius
are somewhat to the left.
of this normal line.

In the region of the
B-stars the lines of equal
mass and also the lines

In this region unequal stars

may thus have the same corresponding point in the H.-R.-diagram. As the
lines are rather crowded here the corresponding numbers are given in the

table below.
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OBSERVATIONAL APPROACH TO EVOLUTION. III. SEMIEMPIRICAL
EVOLUTION TRACKS FOR M67 AND M3

ALLAN SANDAGE
Mount Wilson and Palomar Observatories
Carnegie Institution of Washington, California Institute of Technology
Received March 25, 1957

ABSTRACT

A method is presented for obtaining the tracks of evolution for individual stars in the subgiant and
giant regions of color-magnitude diagrams of star clusters. The method utilizes the evolutionary infor-
mation contained in the observed luminosity functions and color-magnitude diagrams of clusters. It is ap-
plied to the galactic cluster M67 and to the globular cluster M3. The evolutionary tracks, the time seale
tor evolution along these tracks, and the fraction of the total mass exhausted of hydrogen have been
computed for both clusters, and the results are tabulated in Tables 3—-10. The computed fraction of the
mass exhausted of hydrogen for stars in M3 is compared with the theoretical predictions of the Hoyle-
Schwarzschild (H-S) models. Fair agreement is obtained It is shown that the H-S models are capable of

redicting nearly the correct luminosity function for M3 except at the very top of the giant sequence.

he time taken for stars to evolve along the horizontal branch in M3 from B — V = 0.50to B — V =
—0.10 is found to be 2 3 X 108 years. The lifetime of the RR Lyrae phase of the evolution is 8 X 107
years. The expected rate of change of the period of the RR Lyrae stars due to this evolution is At/ =
24 X 10, or 0.1 second per century, which is about a factor of 5 below the limit of detectability
with the available data. The observed period changes for RR Lyrae stars in M3 average twenty times
this value and are believed to be due to causes other than evolution.
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F16. 2.—Semiempirical tracks of evolution for stars in M67. The various mapping points are shown
as lineslabeled SC, a, . . . , p. The observed C-M diagram for M67 transformed to the My, log T, plane
is shown as the heavy line cutting across the evolutionary tracks.
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TABLE 1

OBSERVED ¢(M,) FOR M67 AND SALPETER’S INITIAL ¢(M,) CORRECTED
FOR EVAPORATION OF STARS IN 180 RELAXATION TIMES

Me67 Ma7

—0 25-40 25 20 1 000 24 0 || +4 7545 25 29 6 0 691 50 3
+0 25-40 75 33 1 000 27 0 || +5 25-45 75 23 6 0 538 44 5
+0 75-41 25 4 6 1000 | 307 || +575-4+6 25 19 4 0 350 330
+1 2541 75 6 4 1 000 34 7 || +6 25-4+6 75 | 16 1 0 225 23 0
+1 75-42 25 90 1 000 390 || +6 75-+7 25 0 127 13 6
+2 25-42 75 15 6 1 000 43 5 || +7 2547 75 0 075 8 3
+2 75-43 25 326 1000 | 480 || 47 75-+8 25 0 045 51
+3 25-43 75 39 2 1 000 534 || +8 25-+8 75 0 032 38
+3 75-+4 25 40 6 0 910 536 || +8 75-49 25 0 017 22
+4 25-4+4 75 356 | 0810 53 3

Table 1. Also tabulated are the fy values, where (M ,) has been taken from Table 2
of Paper I. These have been normalized by the condition.

M,--SS Hif—“‘i.ﬁ

DL o (M) = D (MDY (M). M
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francouzsky fyzik, Claudie Servis Mathias Pouillet 1790 - 1868
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némecky astronom, farmaceut, Heinrich Samuel Schwabe 1789 - 1875,
studium maxim a minim slunecni cinnosti, stanoveni periodicity na 10
rokii

- i
Sabr. Gruppen. E(Eg:l;?!if ﬂ‘eﬂ‘lgﬁt:“% 1|
18286 118 22 277 !
1827 161 2 74 '
1828 225 0 282
1829 199 0 24y |
1830 190 i 17
1831 149 3 239
1832 84 49 270
1833 33 139 267
1534 51 120 273
1835 173 18 244
. 1836 272 0 200
| 1837 333 0 , 168
| 1338 282 0 202 |
I 1839 162 0 25 |
| 1840 152 3 %3 |
1841 102 15 283 ‘
1842 63 G4 307
1843 19 149 | 312 j
1844 52 l 111 : 321
1845 114 29 -2 332
1546 157 1 314
1847 257 0 { 276
1848 330 0 | 278
1849 238 0 2R3
1850 156 2 308
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Svycarsky astronom Rudolf Wolf 1816 - 1893, Nové vySetiovani periody
slunecnich skvrn a jeji vyznam, r. 1852, upresnéni periody slunecni
aktivity

XNr. 255 bis 257.

R. Wolf, Neue Untersuchungen iiber die
Periode der Sonmnenflecken und ihre
' Bedeutung.

| (Vorgetragen am 6. November 1852)

Die aus den langjihrigen Sonnenbeobachtungen Schwa-
be's folgende Periode von circa 10 Jahren fiir die Hiufig-
keit der Sonnenflecken, hat durch die von Gaulier 1), Sabine 2
und mir 3) nahe gleichzeilig und unabhiingig von einander
entdeckle Uebereinstimmung derselben mit der Periode der
magnelischen Varialionen, und der darin liegenden Causal-
| beziehung zwischen den Sonnenflecken und dem Erdmag-
nelismus cin allgemeineres Interesse erhalten. Ich glaubte
daher die Miihe nicht scheuen zu sollen, auf den Biblio-
| theken von Basel, Bern und Zirich einige hundert Bande
zu darchsuchen, um mir das nothige Material fir eine ge-
nauere Untersuchung dieser Periode zu verschaffen, und
in der That hat mich das Studiom dieses Materials, das
durch die giitigen Miltheilungen Herrn Hofrath Schwabe's
! aus seinen Beobachlungsjournalen wesentlich vermehrt

wurde, zu folgenden wichtigen Resultaten gefiihrt, die mir
| jede Miihe reichlich belohnten :

I. Genauere Bestimmung der Linge der Sonnen-
fleckenperiode.

Um die Linge der Periode mil grisserer Genaunigkeit
zu bestimmen, stellte ich aus den vorliegenden Beob-

1) Bibliotheque universelle, juillet et aoiit 1852,

) Philos. Transactions 1852; Philos. Maguzine, Scpt. 1852,

) Mittheilungen Nr. 245; Comptes rendus 13 sept. 1852; Astro-
nomisohe Nachrichten Nr. §20.

(Bern. Mitth. November 1852.)

Go gle
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Svycarsky astronom Rudolf Wolf 1816 - 1893, zavedl Wolfovo —
Curysskeé Cislo poCtu slunecnich skvrnr. 1848, R =k (10G + N),
k...korekéni faktor, G...pocet skupin, N...celkovy pocet skvrn

— 250 — = Bt —
achtungen 4 mil moglichster Sorgfall, zum Theil durch et Fir das Minimum, Fir das Maximum.
graphisches Verfahren, folgende Epochen auf: 1844,0--0,5 nach Schwabe.  1837,5::0,5 nach S&'!he ;
Fir das Minimum. Fiir das Maximum. 1823,2-0,5 n. Stark u. Biela. 1829,5-+1,0n.Starku.Schwabe
1833,6:0.5 nach Schwabe.  1848,6--0,5n.8chwaben. Wolf. ] 1810,5-41,0 n.Bode u.Fritsch. 1816,3-1,0 n. Stark u. Bode.
1755,5--0,5 nach Zucconi.  1717,541,0 nach Rost. und diese gaben in Vergleich mit den frilhern Epochen
1645,0-1,0 nach Hevel. 1626,02:1,0 nach Scheiner. | von 1755, im‘ 1717 und 1626 folgende Werthe :
Die Vergleichung je der ersten Epoche mil den bei- ] (1844,02:0,5)—(1755,5-0,5) = 8(11,06-0,19)
den folgenden gab mir (1844,0=0,5)—(1645,0-1,0) =18(11,06-+-0,08)
(1833,6:4-0,5)—(1755,5-0,5)= 78,12:1,0=6(13,01=£0,17) I (1823,2:4-0,5)—(1755,5-+0,5) = 6(11,28-+0,25)
= T{IL16-0,14) i (1823.2--0,5)—(1645,0-:1,0) =16(11,14-£0,09)
= 8 9.87+0,12) | (1810,5-:1,0)—(1755,5+0,5) = 5(11,000,30)
(1833,6-0,5)—(1645,041,0)=188,6 -1, 5= 16(11,79--0,09) I (1810,5-1,0)—(1645,0241,0) =15(11,03:4-0,13)
= 17(11,0940,09) | (1837,50,5)—(1717,5-:1,0) =11(10,91=-0,14)
= 18(10,48-0,08) I (1837,5-40,5)—(1626,0-:1,0) —19(11,13-40,08)
= 19( 9,93-:0,08) I (1829,51,0)—(1717,5::1,0) =10(11,20=-0,20)
(1848,6-£0,5—(1717,5641,0=131,1+15= u(u,ns:to,gt) || (1829,5-41,0)—(1626,0--1,0) =18(11,31-40,11)
=12{10,93+0,13) | (1816,34-1,0)—(1717,521,0) = 9(10,98--0,22)
= 13(10,08:0,12) i (1816,3-1,0)—(1626,0-1,0) =17(11,19-+0,12)
=1 9’361“-:“)‘ ! welche mit wenigen Ausnahmen weit innerbalb ihrer Fehler-
(1848,6-+0,5)—(1626,0-41,0)=222,6+1,5— 19(11,72--0,08) | grenzen mil der Periode 11,08 iibercinstimmen. Ermittelt
= 20(11,13:10,07) | man aus simmtlichen 16 Bestimmuogen der Periode ihre
— 2!(!0,&0:!:_0,07) I wahrscheinlichste Linge mit Hiilfe der Methode der klein-
= 22(10,12::0,07) I sten Quadrate, und gibt ihnen hiefir der Reihe nach, ent-
= 23( 9,68-0,07) | sprechend ihren wahrscheinlichen Fehlern, die Gewichte
woraus sofort hervorgieng, dass diesen Epochen nur die ] 1.0 24 1,2 40 05 3103 24
Periode , 03 1,2 11,081 105 1,67 08 14
ll.lb+li.091—10,93+11.13 = 11,08 o s
11,111 =+ 0,038

entsprechen kinne. Zu weiterer Priifung dieser Periode
wurden dann noch folgende Epochen ausgemittelt :

4) thre Uebersicht bleibt dem dritten Absehnitte vorbehalten.

Go :{IC

und diese Linge der Sonnenfleckenperiode, nach welcher
auf ein Jahrhundert genau 9 Perioden fallen, mag fiir die
niichste Zeil als definitiv angenommen werden.

Go gle
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anglicky astronom, Richard Christopher Carrington 1826 - 1875
perioda rotace Slunce nariista s vétsi heliocentrickou Sirkou,
pozorovani skvrn, motylkovy diagram,
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anglicky astronom, Richard Christopher Carrington 1826 - 1875
Skvrny na Slunci, r. 1863, skvrny bliZsi slunecnimu rovniku rotuji
rychleji, Galileo OBSERVATIONS

OF THE

SPOTS ON THE SUN
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_ SECTION L
INTRODUCTION.

OBSERVATIONS OF THE SOLAR SPOTS DURING SEVEN YEARS AND A HALF, MADE AT REpmiLe,

rroy 1853 1o 1861, py R. (. Cagrixerox, Esq.

Tue obzervations herein contained are less extensive than was originally intended, still it
may he 11'ul‘lh '-\']lilr' {0 j_:'ii'n- a short aceount of what was rIv:ei;_-m'fl fo be tlulit'. ;}lnl how
the design has been moditied by cirenmstances, The observatory which I built at Redhill
in the summer and autumn of 1852 was specially arranged and fitted for meridian
obseryations of Cirenmpolar Stars, ag stated in the Preface to my Catalogue of Stars
published in 1857, While superintending the progress of the huildings and kept for a time
trow access to mstrnments, I was led mito a r-lwl_x of some series uflil':m‘ihg':i of i‘]n‘* ?"‘*'Il!i'.-t
disk in the possession of the Roval Astronomical Society, and following on the subject,
n= one of ;’l'l':xr I}h_\. steal mterest amd of int'l‘t'u.-illg' illl[llli'l:llll‘l‘, wis muich il;ll}l't*n:-rtl with
the caprictous manner in which observations of the solar phenomena had commonly been
taken up and Iaid aside again, the entire neglect of the subject by the public establish-
ments, orave defects i the methods of observation commonly employed, and as might
be expected, large diserepancies in the results of previons observers in rvespeet of the

Elements of Position of the Pole and Deriod of Rotation. At the same time it will be
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Skvrny na Slunci, r. 1863, Observations of Spots on the Sun from 9 November
1853 to 24 March 1861, Made at Redhill - Lalandova cena francouzské akademie véd

nar. 1864, nakres pozorovani slunecnich skvrn 1. zafi 1859

186!
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némecky astronom Friedrich Wilhelm Gustav Sporer 1822 -1874, cykly
skvrn se na zacatku cyklu vyskytuji ve vyssich heliografickych sirkach,
pozdeéji nize a na konci pobliz rovniku, motylkovy diagram, perioda
nizke aktivity slunecnich skvrn v obdobi 1645 - 1715, Maunderovo
minimum, Pozorovani slunecnich skvrn r. 1861

Beobachtungen von Sonnenflecken und darans abgeleitete
Elemente der Rotation der Sonne,

Die Zeitdaner der Rotation der Sonne um ihre Axe ist seit der Entdeckung der
Sonnenflecken viellach Gegenstand der Untersuchung gowesen, indessen bis jelzl nichl
mil derjenigen Zuverlissigheil ermillell worden, welche von den Astronomen in so vielen
anderen und ohne Vergleich sehwicrigeren Bestimmungen erveicht ist,  Wie A. v. Hum=
boldt im Kosmos HI S. 302 sagt, sind ,die verschiedenen Angaben der Umlavfszeit der
Sonne keinesweas der Ungenanickeit der Becobeehiung allein zuzuschreiben; sie rithren
L En yerindern®
ecicenen Bewe-
, dessen weilere
onselemenle der
der leuchienden
an der Rolalion
statl, dass eine

demzufolge aus
die Rolation der

| I [ . lor entfernt sind,
Iwio 1920 1730 R4 %30 T 1970 e

Yeor
uo

SUBEE T i - = - pmErn e ilt’T" E"Idefkl}r
Johann Fabricius im Johre 1611 erschien, ist nus der Wiederkehr der Flecken auf die

Rotationszeil der Sonne gesclhlossen, Diese merkwiirdige Schrifl, welche den Tilel Filirt:
Joh, Fabricii Phrysii de maculis in sole observalis ¢l apparente earum cum sole conver-
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sione, scheint mir niehl genug gewiirdigl zu sein, Und wenn such Arago in seinem
Annuaire d, J. 1842 fir Fabricius aufgeireten ist, so wird doch noch viellach Scheiner
als Entdecker genannl, namentlich auch in der neuesten Ausgabe von Midler's Astronomie
§. 124; weshalb ich einiges Nihere miltheilen will. Der Jesuil Scheiner, der seine in den
Jahren 1611 und 1612 ersehienenen Briefe nicht wie die spiteren Werke unter seinem Namen
,,Christophorus Scheiner Societatis lesu, in alma alque Catholica Ingolstadiensi Academia, sa-
orae linguae alque matheseos professor ordinarius,* sondern anonym uls , Apelles latens post
tabulam® herausgegeben, hat seinem ersien Briefe d. d. 12, Noy, 1611 gemiss den im
{lc'lina:lié:' d Jo 161 geﬁehunen Sonnenflecken grossere Aufmerksambkeil gewidmel, wihrend
er sich nur erinnert, sie schon im April geschen zu haben. Fabricius dagegen, dessen
Schrift das Dalum des 13, Juni 1611 (ragt, spricht schon seine volle Ueberzeugung von
der Axendrehung der Sonne ans, anknipfend an die Worle: nonnulli suspicabuntur corporis
solaris in loco suo conversionem, Wenn er ferner sagl: Id vero non ex unica saliem
revolutione persuadere mihi polui nee volui, ne me alque alios deciperem, sed ex aliguot
sequentibug, quas ab anni hujus initio ad hoe usque lempus non lantum ego solus
nolavi, sed alii elinm mecum ad conciliandam huic rei fidem, — so kann wohl kein Zweilel
dariber obwalien, dass Fabricius mit der Angabe, schon zu Anfang d. J. 1611 die Son-
nenflecken untersucht zu haben, vollen Glauben verdient. Er wirde seine Beobachtungen
auch schon friher veroffentlicht haben, wenn nicht die bemerkle, von einem Tage 2zum
andern eintretende Yerschiedenheit in den Abslinden je zweier Flecke, die auf der Mille
der Scheibe schaellere Beweygung jedes Flecks und die mit dem Weiterricken verbundene
Verinderung der Gestall die Verzigerung veranlasst hitte. Wihrend nun Scheiner in
seinen Briefen und Andere noch spiter die Sonnenflecken nicht als auf der Oberfliche der
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Pozorovani slunecnich skvrnr. 1861

1=

slig, wie es bei der Kleinheil des Flockens nilhig gewesen wire, daher namentlich an den
letzlen Tagen manche Austritte desselben verloren gingen und die gewiinschle Schirfe
der beobachlelen Oerler bevinlrichligt wurde. Die Rechnung fir die obigen drei Oeérter
gebe ich vollslindig, so duss die Bequemlichkeit der Formeln zu erseben ist.

Heliocentrische Heliocentrische
Linge Breite Liinge Breile
A 254 92" 40°51°23 J(A—2) W4V E1Y — 4958
2 31137 6 —4 48 33 A4 282 53 15 —1 58 33
A7 37020 6 —4 13°27 31—k 58 9ol —2 32 25
b 121 4482 025413 FOAAH B121916  —141 2
34 155 48 33 —2 24 16,5 JOA—A0 2036 0 +0 17 33
JA% 185 14 33 —2 6433 342D 341 3 6 —~431 0
sind (3—3) 860301 R64662« 770800 860417 864681
cos } (34-F) 999974 999951 999565 cotgd(p'—p) 143632 1,00277
BO041T BO4681e T,70930  JOAD)—L =206 31 8¢ 335 57 4%
cotgb(A'—2) 026107 979302 024554 1A42)=282 5315 312 19 15
(1) —5 916“3 Jp*=+2 255”5 L==—23" 3753 —23" 37/ 49~
2 —1 M AT 3 Jp=—13143 5 TR
@ £.031.12"0 b ——3 3732 8 R
fom=—3 62075 o100 A0

Hp—p) =42 493
p—p) =45 40 28 3
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francouzsky astronom Pierre Jules César Janssen 1824 — 1907, v
prub¢hu slunecniho zatméni 18. srpna 1868 identifikoval ¢aru
A =587,49 nm — helium,

-

THE TOTAL SOLAR ECLIPSE OF AUGUST 1868.

Report of M. JaNsseN (continued from page 110).

Part 1II.

I now return to the protuberances. During the total obscuration I was
struck with the extreme brightness of the protuberential lines; and the
thought oceurred to me immediately that it might be possible to see them
without an eclipse. Unfortunately the weather, which clouded up after the

Jlast contact, did not permit me to attempt anything more on that day.

During the night the way and means of performance presented them-
selves clearly to my mind. The next day, 19th, I rose at 3 o’clock in the
morning to prepare for the new observations,

The sun rose very beautifully. As soon as it was free from the mists of
the horizon, I began to explore it in the following manner. By means of
the finder of my large telescope, I placed the slit of the spectroscope on the
edge of the solar dise, in the same place where, the day before, I had
observed the luminous protuberances. This slit, placed partly on the solar
dise and partly outside it, would show, consequently, two spectra, that of
the sun and that of the protuberential region. The light of the solar
spectrum was a great difficulty. I turned the spectroscope so as to get rid
in the solar spectrum of the yellow, green, and blue, the brightest parts.
All my attention was directed to the line C—dark for the sun, bright
for the protuberance—and which, falling in a less Iuminous part of the
spectrum, ought to be much more easily perceptible.
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1. That a gaseous condition of the photosphere is quite
consistent with its continuous spectrum, whether we regard
the spectrum of the general surface or of spots. The
possibility of this condition has also been suggested by
Messrs. De la Rue, Stewart, and Loewy.

2. That a sun-spot is a region of greater absorption.

3. That when photospheric matter is injected into the
chromosphere, we sce bright lines.

4. That there arc bright lines in the solar spectrum
itself.

All these are facts which indicate that the absorgtion to
which the reversal of the spectrum and the Fraunhofer lines
are duc takes placc in the photosphere itsclf or cxtremely
near fo it instead of in an extensive outer absorbing

' I have italicised this passage in 1873, as some critics of my work
have overlooked it.
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atmosphere. And this con-
clusion is strengthened by
the ‘consideration that other-
wise the newly-discovered
bright lines of hydrogen
should themselves show traces
of absorption on Kirchhofi's
theory ; but I shall show you
presently that, so far from this
being the case, they appeas
bright actually in the very
centre of the dise, and, more-

{ hydrogen, sodium, and m

over, the vapours of sodium,
iron, magnesium, and barium
are often bright in the chro-
mosphere, showing that the
would always be bright therc
if the vapours were always
present, as they should be on
Kirchhoff's hypothesis; so
that we may say that the
photosphere plus the chromo-
sphere is the real atmosphere
of the sun, and that the sun

wwing the different lengths of the line

sphare, sh

itself is in such a state of fer-
vid heat that the actual outer
boundary of its atmosphere,
t.e. the chromosphere, is in a
state of incandescence,

With regard to the line in
the orange I have nothing yet
to tell. Dr. Frankland and
myself are at the present mo

hromao

Spectrum of (

Q0.

ment working upon it.

I have next to take you a

stage lower into the bowels
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Navrhované souvislosti mezi aktivitou slunecnich skvrn a sekularnimi
zménami v magnetické deklinaci, r. 1904, migrace slunecnich skvrn v
Sifce prubchu slunecniho cyklu, minimum slunecni éinnosti 1645 -17135,
Maunderovo minimum, odhaleno r. 1893, véd¢l o ném Sporer

Suggested Connection between Sun-spot Activity and the Secular
Change in Magnetic Declination. By Mrs. Walter Maunder.

(Communicated by E. Walter Maunder.)

A connexion between the Sun and terrestrial magnetism has
been recognised as existing in the following relations :—
Yo (1) Daily.—The diurnal range of magnetic declination, dip,
and intensity, accortling to the hours of local mean time, when
by means of the Earth’s rotation different parts of its surface
are exposed to the action of the Sun’s rays.

(2) Yearly.—The annual variation in the amount of the
diurnal range corresponding to the variation in the presentation
of any particular locality to the Sun’s rays in the course of the

ear.
. (3) Cyclical : “ Eleven-year” Period.—Variation in the

400 Years of Sunspot Observations
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manzelka Annie Russell Maunder 1868 - 1947...
Navrhované souvislosti mezi aktivitou slunecnich skvrn a sekularnimi
zménami v magneticke deklinaci, r. 1904

Jan. 19o4. and Magnetic Declination. 225

amount of the diurnal range synchronous with the variation of
the spotted area of the Sun.

In terrestrial magnetism this eycle is shown in the variation
of the diurnal range, both of magnetic variation, dip, and
intensity, and is evidenced, moreover, both (@) by the frequency
of storms and (b) by the variation of the diurnal range when
cleared of storms.*

On the Sun the “eleven-year” cyele is shown by sun-spots,
faculee, prominences, and corona, and in the case of sun-spots
is evidenced both (a) by the frequency of giant spots alone and
(6) by the variation in the spotted area of the Sun when cleared
of giant spots.

These three periodic variations in the Earth’s magnetism,
which are thus known to vary in sympathy with the Sun, form,
according to Mr. L. A. Bauer, but a small part of the whole
magnetic force of the Earth—less than 5 per cent.—and they are
generally ascribed to electric currents in the upper regions of the
atmosphere. At least g5 per cent. of the Earth’s magnetism is
to be referred to causes within the crust, largely to a system of
electric currents imbedded deep within the interior of the Earth.
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Navrhovane souvislosti mezi aktivitou slunecnich skvrn a sekularnimi
zménami v magnetické deklinaci, r. 1904

Jan. 19o4. and Magnetic Declination. 225

amount of the diurnal range synchronous with the variation of
the spotted area of the Sun.

In terrestrial magnetism this eycle is shown in the variation
of the diurnal range, both of magnetic variation, dip, and
intensity, and is evidenced, moreover, both (¢) by the frequency
of storms and (b) by the variation of the diurnal range when
cleared of storms.*

On the Sun the “eleven-year” cyele is shown by sun-spots,
facule, prominences, and corona, and in the case of sun-spots
1s evidenced both (a) by the frequency of giant spots alone and
(6) by the variation in the spotted area of the Sun when cleared
of giant spots.

These three periodic variations in the Earth’s magnetism,
which are thus known to vary in sympathy with the Sun, form,
according to Mr. L. A. Bauer, but a small part of the whole
magnetic force of the Earth—Iless than 5 per cent.—and they are
generally ascribed to electric currents in the upper regions of the
atmosphere. At least g5 per cent. of the Earth’s magnetism is
to be referred to causes within the crust, largely to a system of
electric currents imbedded deep within the interior of the Earth.
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americky astronom, George Ellery Hale 1868 — 1938, pFistroj
spektrohelioskop r. 1924 - slunecni spektroskop, nejcastéj1 pro c¢aru Ha,
pozorovani chromosféry, studium erupci, protuberanci

The Spectrohelioscope.

I aM very glad to learn from NATURE of November 8,
p. 683, that Mr. IV, Stanley is also engaged in develop-
ing a spectrohelioscope. In my long focus (13 feet)
instrument, where the slits are rather narrow and
hence close together in order to give sufficient light
with the requisite purity, the motion of the spectral
line i1s practically equal to that of the slit for the
small displacements from the optical axis involwved,
Thus it is possible to avoid the use of such deflecting
prisms and gearing as Mr. Stanley employs. I have
not yet attempted, however, to design a short focus
instrument.

A rotating disc with radial slits makes a natural
appeal to the instrument designer and 1 used it for
my first (unsuccessful) experiments, made on Mount
Wilson with the 3o-foot spectroscope of the 6o-foot
tower telescope manyv vears ago. It will serve very
well with a moderate number of slits when there is
sufficient light, but the high purily required for
observations of the hydrogen flocculi complicates the
problem. Tor example, in order to obtain with a
disc the purity and brightness T now command with
an oscillating bar (carrying two sets of five slits each),
it would be necessary to use about g4o0 radial slits,
each o-003 inch wide and with errors of Spacing less
than o001 inch. This can, of course, be done, and
I shall probably try it, but the simple oscillating bar
suggested itself as an easy means of making a rigorous
test of the method for the exacting task of observing
the hydrogen flocculi against the brilliant disc of
the sun. GEoRGE E. HaLg,

Pasadena, California,

December 3.
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schema slunec¢niho spektroskopu

First slit scans white light  (In practice, the distance to the
image of sun, second slit collimating lens is much longer
tracks H-alpha line than suggested here)

on spectrum

Collimating lens
\

Stationary white image
of sun on first slit

Reflecting
diffraction grating

Pivot enables slits
to move in opposite
directions

Solar spectrum with only
hydrogen-alpha line visible
through second slit

Motorised
mirror

.

Eyepiece through which
observer sees light passing
fhrough second slif

/

Objective lens

THE HALE
SPECTROHELIOSCOPE
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Pravdépodobna existence magnetickeho pole slunecnich skvrn r. 1908,
objev magnetického pole Slunce ve skvrnach, Zeemanuyv jev, Sifka
rozStépeni Car umérna intenzité magnetického pole,

ON THE PROBABLE EXISTENCE OF A MAGNETIC
FIELD IN SUN-SPOTS:

By GEORGE E. HALE

The discovery of vortices surrounding sun-spots, which resulted
from the use of the hydrogen line Ha, for solar photography with
spectroheliograph,® disclosed possibilities of research not previously
foreseen. Photographs taken daily on Mount Wilson with this line
suggest that all sun-spots are vortices, and provide material for a
discussion of spot theories which will soon be undertaken. Reveal-
ing, as they do, the existence of definite currents and whirls in the
solar atmosphere, they afford the requisite means of testing the opera-
tion in the sun of certain physical laws previously applied only to
terrestrial phenomena. The present paper describes an attempt to
enter one of the new fields of research opened by this recent work with
the spectroheliograph.
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Pravdépodobna existence magnetickeho pole slunecnich skvrn r. 1908,
objev magnetického pole Slunce ve skvrnach, Zeemanuyv jev, Sifka
rozStépeni Car umérna intenzité magnetického pole,

Thanks to Zeeman’s discovery of the effect of magnetism on
radiation it appeared that the detection of such a magnetic field should
offer no great difficulty, provided it were sufficiently intense. When
a luminous vapor is placed between the poles of a powerful magnet
the lines of its spectrum, if observed along the lines of force, appear
in most cases as doublets, having components circularly polarized in
opposite directions. The distance between the components of a given
doublet is directly proportional to the strength of the field. As differ-
ent lines in the spectrum of the same element are affected in different
degree, it follows that in a field of moderate strength many of the
lines may be simply widened, while others, which are exceptionally
sensitive, may be separated into doublets.
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Pravdépodobna existence magnetickeho pole slunecnich skvrn r. 1908,
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Pravdépodobna existence magnetickeho pole slunecnich skvrn r. 1908,

If all of the doublets observed in spot spectra could be photo-
graphed in the laboratory, it would be easy to make a satisfactory
comparison. Unfortunately, however, most of these lines are very
faint in the spark, and as the great majority of them occur in the less
refrangible part of the spectrum, exposures of from fifteen to twenty
hours are sometimes required to bring out even the stronger doublets.
The results hitherto obtained for the iron doublets are brought
together in the following table. I am indebted to Mr. Adams for

TABLE 1
IroN DoUBLETS

! , |

AA, Spark |

! | AA, Spark
Wave-Length | AA, Spark | e AA, Spot ‘ L | AN, Spot
| |
6213.14 ©.703 | ©.138 o.136 | =—o0.c02 5.2
6301.72 ©.737 0.144 0.138 | —o.000 8.3
6302.71 I.230 0. 241 0.252 +o0.011 4.9
6337.05 0.805 | o.175 | ©0.172 | —0.003 5.2

r Hale, “The Pasadena Laboratory of the Mount Wilson Solar Observatory,”
Contributions from the Mount Wilson Solar Observatory, No. 27; Astrophysical Jour-
nal, 28, 244, 1908.




Slunce

Pravdépodobna existence magnetickeho pole slunecnich skvrn r. 1908,

We may now suppose the light-source to be placed in a homogeneous
magnetic field of intensity H. A particle carrying a charge ¢, and
moving with velocity v, will be subjected to a force perpendicular
to the field and to the direction of motion of the particle, the magni-
tude of which may be represented by evH sin (v, H). It is evident
that the electron may have three different motions, each with its own
frequency. Linear vibrations parallel to the lines of force, having the
frequency n,, will not be affected by the magnetic field. Circular
vibrations in a plane perpendicular to the lines of force will be affected
differently, depending upon whether they are right-handed or left-
handed, If r is the radius of a circular orbit and # the frequency, the
velocity of the electron will be v=nr and the centripetal force will
have the value mn?r. We may now consider the effect on the motion
of the electron of the elastic force fr and of an electromagnetic force
evH =enrH.
For a positive charge the latter force is directed toward the center if
the motion is clockwise, as seen by an observer toward whom the lines
of force are directed. We then have
mnir=fr+enrH.

t The following outline of the theory is taken from Lorentz’s ‘‘Theorie des phé-
nomenes magnéto-optiques récemment découverts,”’ Rapports, Congreés international
de physique, 3, 1, 1900.
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Sux-SpoTs AND HYDROGEN Floccull, SHOWING RIGHT- AND
Lerr-HaANDED VORTICES

1908, September g, 6" 20™ A. M. Scale: Sun’s Diameter=0.3 Meter
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americky astronom Charles August Young 1834 - 1908, Pievracejici
vrstva a jeji spektrum a spektrum korony r. 1897, zavedl pojem
prevracejici vrstva — vznik absorpcnich Car, korona Casti atmosféry

Slunce

ON THE REVERSING STRATUM AND ITS SPECTRUM, AND
ON THE SPECTRUM OF THE CORONA'’

THE observation made by the writer in 1870, described on pages 82
and 83 of the last edition of Zhe Sun, received a beautiful photo-
graphic confirmation during the total eclipse of 1896. Mr. Shackleton,
the photographer of an English party at a station in Nova Zembla
(the only party which was not baffled by bad weather), secured an
instantaneous photograph at the critical moment with a so-called
“prismatic camera,” which is simply a camera with (in this case) two
large prisms in front of its lens, no collimator being used—a photo-
graphic ““slitless spectroscope.”

When the Sun’s disk is reduced to an extremely narrow crescent by
the encroaching Moon, this crescent itself acts like the slit of an ordi-
nary spectroscope, and photographs taken with such an instrument
immediately before totality are just like the usual solar spectrum, except

T* Note on the Preparation of Phosphorescent Barium Sulphide,” 4p. /., 4, 308,
November 1806,

*The above note will appear as an addendum in a forthcoming edition of Pro-
fessor Young's well-known work, 7ke Sun. The editor of the ASTROPHYSICAL JoUR-
NAL has in his possession copies of Mr. Shackleton’s remarkable photographs, which
will be reproduced as soon as Sir Norman Lockyer desires to have them published.
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that the dark Fraunhofer lines are replaced by dark crescents—mnegative
images, so to speak, of the still uncovered portion of the disk. As
soon, however, as the photosphere disappears, the remaining, much
fainter crescent is simply the solar atmosphere, and if the observation
of 1870 is correct, its photograph ought to show a series of Jright
images replacing the former dark ones, and it did.

Mr. Shackleton watched the waning crescent with a small direct-
vision prism held in the hand, and at the instant when the brilliant
dark-line spectrum vanished he ‘“pressed the button’ and caught on
his plate the “flash-spectrum,” as it has been called by Mr. Lockyer.
The exposure was about half a second. The photograph shows a long
range of several hundred bright, curved images, of which there are
nearly 250 in the blue portion of the spectrum between F and H. About
twenty-five are much more extensive and conspicuous than the others,
and are images of the chromosphere and prominences. They are due
to hydrogen, calcium, helium, strontium, and one or two other elements
which often appear in the chromosphere. The rest are simply reversals
of the Fraunhofer lines, as Mr. Shackleton has shown by developing
the flash-spectrum into a bright-line spectrum of the usual form (which
is easily done by a simple mechanical contrivance), and comparing it
with an ordinary dark-line solar spectrum photographed with the same
camera and prisms, but with the addition of a collimator and slit. The
agreement is practically complete, although there are two or three
somewhat conspicuous Fraunhofer lines which are missing in the flash-
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the eclipse, with an exposure of nearly a minute, shows very finely the
green coronal ring, corresponding to the old “1474 line,” and several
othersin addition, These are all in the violet part of the spectrum, and
are extremely faint, excepting one which is a little below H. They
are all probably due to the same hypothetical element, still unidenti-
fied, but provisionally named ‘coronium.,” The photograph also
seems to make it certain that Aydrogen, helium, and calcium, though
brilliantly conspicuous upon the plate in the images of the prominences,
are entirely absent from the corona, a result agreeing with that deduced
from similar photographs made in 1893, but only recently published.
It is quite clear that the earlier observations (referred to on pages 260,
261, and 262) were misleading from the fact that the apparatus did not

from the prominences. C. A. Youxa.
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AUF KOSMOLOGISCHE UND METEOROLOGISCHE PROBLEME
VON
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_ Erstes Kapitel. Die vollkommenen Gase. - 3

Auf einem nicht umkehrbaren Wege ist deshalb —Q nicht mehr

. gleich d7, dem Differential einer Funktion 73

27

‘ist abhingig vom Wege und stets
a9 _ (a
27F< 8
: B

somit auch < 3 — %,. (Entropieprinzip.)

Durchliuft ein Korper oder ein Kérpersystem eine Reihe von
Zustinden, aus denen es auf keinem umkehrbaren Wege mehr in den
Ausgangspunkt zurtickkehren kann, so kann das Entropieprinzip keine
sinngemile Anwendung finden.

§ 8. Liegt ein Korper oder ein Korpersystem in einem be-
stimmten Zustande vor, so kann man von deren Gehalt an Energie
und Entropie, nicht aber von einem Gehalt an Wirme reden. Ener-
giegehalt und Entropiegehalt sind bis auf eine Integrationskonstante
bestimmt; das Wort Wirmegehalt hat sich aus der Stofftheorie der
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anglicky astrofyzik, Zarivda rovnovdaha ve hvézdach, r. 1916

On the Radiative Equilibrium of the Stars. .
By A. 8. Eddington, M.A., M.Sec., F.R.S., Plumian Professor.

1. Outline of the Investigation. — The theory of radiative
equilibrium of a star’s atmosphere was given by K. Schwarzschild
in 1906,* He did not apply the theory to the interior of a star ;
but the necessary extension of the formule (taking account of the
curvature of the layers of equal temperature) is not difficult, Tt
is found that the resulting distribution of temperature and density
in the interior follows a rather simple law.

Taking a star—a “giant” star of low density, so that the laws
of a perfect gas are strictly applicable—and calculating from itd
mass and mean density the numerical values of the temperature,
we find that the temperature gradient is so great that there ought
to be an outward flow of heat many million times greater than

_observation indicates. This contradiction -is not peculiar to the
radiative hypothesis ; a high temperature in the interior is necessary
in order that the density may have a low mean value notwith-
standing the enormous pressure due to the weight of the column
of material above.

There is a way out of the difficulty, however, if we are ready
to admit that the radiation-pressure due to the outward flow of
heat may under calculable conditions of temperature, density, and
absorption nearly neutralise the weight of the column, and so
reduce the pressure which would otherwise exist in the interior.
For the giant stars it is necessary that only a small fraction of the
weight should remain uncompensated. - (For the dwarf stars, on
the other hand, radiation-pressure is practically negligible.)

We thus arrive at the theory that a rarefied gaseous star adjusts
itself into a state of equilibrium such that the radiation-pressure
very approximately balances gravity at interior points. This
condition leads to a relation between mass and density on the one
side and effective temperature on the other side, which seems to
correspond roughly with observation. The laws arrived at differ
considerably from those of Lane and Ritter,
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Lousiuer @ silldll UlstC Ul LUIGALDSS gy, dllu 10U I'daluldulull varry-
ing momentum % fall on it, travelling at an angle 6 to the normal.
The length of path is dfésecf. Hence the momentum absorbed
is kphd¢sec §. Resolving along the normal, the normal outward
momentum absorbed is kphd§, which is independent of 6.

In the present problem we have energy wA + 7B flowing out-
wards and wA — ZxB inwards across unit surface ; hence the net
outward momentum absorbed is e.3$wBkpd¢, where ¢ is the factor
relating the momentum and energy of a beam. Now the pressure
on a black body is numerically equal to the density of the energy
(assumed isotropic). The density of the energy at temperature T
is aT4 where a is the universal constant 7°06 x 107", The out-
ward flow of isotropic energy across unit surface is 7A =wuT? and
the outward flow of momentum is ¢. 7uT% Hence

aTé= GTI"le4,
so that ¢ =afmu.

It follows that the force of radiation-pressure on an element d¢ is
%Ekadf . (23)

= -4%3A by (6)
P‘
=-4ad(T. . . . . (29

Equation (24) is quite general. Assuming now the constancy
of ke so that T* o« p, the radiation-force is
T .4
~ $a~—Ldp.
° Po
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anglicky astrofyzik, r. 1918/19 - O pulsacich plynnych hvézd a
problému cefeid

On the Pulsations of a (fasecus Star and the Profilem of the Cepheid
i 'lfj"lilf.-l'.a-;!. [ Iﬂ.l‘tl [ ¥ J_‘J:I‘ ._.-1 - ."'.\' ]1:li|j ]:I:{i'ﬁil. :“1 I .:'1‘1‘ ]-.1' HT:-‘. .
Plumian Professor.,

1. Although variable stars of the Cepheid type show a periodic
change of radial velocity, it is improbable that they are binary stars.
The theory which now appears most plausible attributes the lght-
changes Lo the pulsation of a single star;* and accordingly the
vilr}'in[;: radial ‘.'EEL.‘H‘.';E:;' measurea the :-1|z-!¥:'.'.1:|.-:'1l and recession of tle
surface in the course of the pulsation. In order to throw light, if
possible, on the phenomena of these variables, 1 have investigated
the theory of a pulssting mass of gas. A complete solution of this
problem would be very difficult; but it seems to be possible to
determine Lhe general character of the oscillation, and to obtfain
results which may be {;1.']1'.1.!1'.:["[ with obsarvation.

The type of pulsation here considered is symmetrical about the
centre : that is to say, the star remains spherical, but expands and
contracts, It is possible that the actual oscillation may be an
alliptical deformation ; but I think that a symmetrical oscillation
is more probable in & star of low density, and 1t is much sumpler
to investigate.

It may be useful to summarise some of the leading results of
observation with l".’l‘.':i'ﬂ'li to these variables—
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anglicky astrofyzik, r. 1918/19 — O pulsacich plynnych hvézd a
problemu cefeid

The Pulsations of a Gaseous Star and the Problem of the Cepheid
Variables, Part 1L.* By A, 8. Eddington, M.A., F.R.S,,
Plumian Professo:

12, Dissipation of Kuergy.—We shall now examine the rate
at “which the osecillations of 3 gaseous star -|-'.:':'-.:. owing to thermal
dissipation. When a portion of a gas is compressed, the tempeora-
bire I8 raised, and heat tends to leak away; consequently the
nressure falls, and the whole work of the compression is not
revovered in the rebound. There will be other sources of dissipa
tion. such as viscosity: but this leakage of heat seems ab lirst
sicht the most Lhra .f_1-':|.'.1.=.’_, and when the m lsatory t

a 0T 1GOTY Wil
first sugrested [ found it dificult to conceive that the pulsation
could last for more than a few periads. The diseovery of the ver)

ta the

tho leakage of heat s very much smaller than would

hirh n]uu-il'.' within a star howeaver, -_'f‘."._-.:: i i.:f':'-*:‘='111. aspect
problem ;
QCour ‘,f we Weare .l RILOEE W -,‘[,]_- 1OW tt'::]!-l_‘l‘il':-“:—" r._'Lli.li'.‘.lnlL Ior wialcn
gaReE A GO '.I.-I.|..l.r_'E:,' '.1'-1]1:'-1'1"'"1”-

1f 4 is the heat gained from outside by an element

the

' i : 1 | R Tl « thior .y
star, and dW the work done by external pressures, then, for a
complete eycle in which the element 1s restored to 1ts ongma
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1. A theory of the stellar absorption-coefficient should, if successful,
lead to formulse determining the absolute magnitude of any giant star
of which the mass and effective temperature are known. I have
hitherto laid most stress on whether the theory will predict the
absolute magnitude of Capella. The present position of that problem
was summarised in my last paper ; * although there appears to have been
some measure of success, the final conclusion is not yet certain.

In this paper we shall consider the differential instead of the absolute
results of the theory, We are not yet certain what should be the form
of the absolute factor occurring in the formula connecting total radiation
and mass; but apart from this factor, the form of the law seems to be
fixed within narrow limits. Instead of constructing the absolute factor
from physical constants we shall be content to determine its value from
the observational data for Capella; and then it ought to be possible to
calculate the luminosity of any other giant star, the result depending
differentially on Capella.

Using the constant determined from Capella, we shall find that the
formule of the theory appear to predict correctly the absolute magni-
tudes of all other ordinary stars available for the test, regardless of
whether they are giants or dwarfs.
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L ABLE

1,

Mass and Absolute Magnitude (u=2'11, T, =5200°).

m.
14'143
13°'173
12'484
11'950
I1'513
10°823
10°286

9'848
9°154
8615
7'632
6'929
6381
5929

!

1 - 8.

‘04
‘05
'0b
‘07
‘08
‘09
‘10
‘12
‘14
‘16
‘18
'20
232

‘24

M.

‘879
1'004
1'123
1'240
1°354
1'468
1'582
1'812
2'050
2297
2°'557
2'831
3124
3°437

.
5211
4'645
4'178
3777
3'426
2111
2'825
2'322
1'884
17494
1'138
0'812
0'507
0'220

| -I."_ﬂi-

‘26
28
30
'35
¢4D
45
‘50
‘55
‘60
.65
70
'75
‘80

M.
3774
4°137
4°'529
5675
7°117
8984

11°46
14°84
19'62
26°66
37°67
5615
90'63

Add to m the temperature-term, — 2 loz ,,(T¢/5200).

m.
—-0'0§2
-0°312
—-0'562
~1'156
~1'718
—-2'264
—~ 2805
=3 3
~399
~ 4°516
— 5162
— 5882
-6'714




Hvézdy
Artur Stanley Eddington

O vztahu mezi hmotnosti a zarivym vykonem hvézd r. 1926

From (8) we obtain Table VIII. showing the relative time spent
between successive limits of absolute magnitude by a star starting
originally with very large mass, The absolute time in years could be
calculated quite easily if desired.

TasLe VIIL
Abs. Mag. Luminosity (& =1). 5t.
<=—2'5 > 1000 10
—2'§ too'0 1000 ~ 100 21
o0'o to 2°5 100—I0 a9
2'5to 5'0 1I0—1 472
5'oto 7°3 1—-0'1 3670

7'5 to 10°0 0'I—0'0l 29800
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* holandsko-rakousko-némecky atomovy fyzik, existence tunelového
jevu pri jadernych reakcich v nitru hvézd, K otdzce mozného vzniku

prvku ve hvezdach r.1929

Zur Frage
der Aufbaumoglichkeit der Elemente in Sternen.

Von R.®’E. Atkingon mnd F, G. Houtermans in Berlin-Charlottenburg.
(Eingegangen am 19. Mirz 1929.)

Die guantenmechanische Wahrscheinlichkeit dafiir, dafl ein Proton in e¢inen Atom-
kern eindringt, wird nach der Methode von Gamow berechnet. Dabei zeigt sich,
dali unter den Temperatur- nnd Dichteverhdlinissen im Inmern der Sterne die Ein-
dringung von Protonen, nmicht aber von «-Teilchen, in leichtere Elemente geniigend
hinfig vorkommt, um dort einen Aufbam dieser Elemente wahrscheinlich erscheinen
zul lassen. Dlarans ergibt sich die Miglichkeit, die Energieentwicklung der Sterne
ans den Massendefekien der Elemente zu erkliren, wobei die Annahme von Sechser-
stofien fir den He-Anfban vermieden wird. Hieran schliefien sich einige weitere
hypothetische Betrachtungen fiber den Aufban der schwereren Hlemente.

Vor kurzem hat Gamow® gezeigt, dafl positiv geladene Teilchen
auch dann in Atomkerne einzudringen vermégen, wenn ihre Energie nach
klassischen Begriffen nicht dazu hinreicht, also kleiner ist als die zu iiber-
windende Potentialschwelle. Gleichzeitig hat v. Laue®* auf die Moglich-
keit des Aufbaues von Elementen entsprechend der Nernstschen Hypo-
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Energy Production in Stars*

H. A. BETHE
Cornell University, Ithaca, New York

{Received September 7, 1938)

It is shown that the most smportant source of energy in
ordinary stars is the reactions of carbon and nitrogen with
protons. These reactions form a cyele in which the original
nucleus is reproduced, riz, CH4+H=N1 Nu=Cili{ g4
CUt+H=N" NUfH=08, 08=Ni{e, NEfH=CH
+Het. Thus carbon and nitrogen merely serve as catalysts
for the combination of four protons (and two electrons)
into an a-particle (§7).

The carbon-nitrogen reactions are unique in their
cyelical character (§8). For all nuclei lighter than carbon,
reaction with protons will lead to the emission of an
a-particle so that the original nucleus is permanently
destroyed., For all nuclei heavier than fluorine, only
radiative capture of the protons occurs, also destroying the
original nucleus. Oxygen and fluorine reactions mostly lead
back to nitrogen. Besides, these heavier nuclei react much
more slowly than C and N and are therefore unimportant
for the energy production,

The agreement of the carbon-nitrogen reactions with
observational data (§7, 9) is excellent, In order to give the
correct energy evolution in the sun, the central tempera-
ture of the sun would have to be 18.5 million degrees while

integration of the Eddington equations gives 19. For the
brilliant star Y Cygni the corresponding fgures are 30
and 32, This good agreement holds for all bright stars of
the main sequence, but, of course, not for giants,

For fainter stars, with lower central temperatures, the
reaction H+-H=D+¢" and the reactions {ollowing it, are
believed to be mainly responsible for the energy produc-
tion. (§10)

It is shown further (§5-6) that no elements heavier than
He? can be budill up in ordinary stars. This is due to the fact,
mentioned above, that all elements up to boron are disin-
tegrated by proton bombardment (a-emission!) rather than
built up (by radiative capture). The instability of Be®
reduces the formation of heavier elements still further.
The production of neutrons in stars is likewise negligible.
The heavier elements found in stars must therefore
have existed already when the star wasz formed.

Finally, the suggested mechanism of energy production
is used to draw conclusions about astrophysical problems,
such as the mass-luminosity relation (§10), the stability
against temperature changes (§11), and stellar evolution

(§12).




Hvézdy - Hans Albert Bethe

Produkce energie ve hvezdach, r. 1939

(2) are about equally probable at a temperature
of 16-10° degrees which is close to the central
temperature of the sun (19-10° degrees!). At
lower temperatures (1) will predominate, at
higher temperatures, (2).

No reaction other than (1) or (2) will give an
appreciable contribution to the energy produc-

“tion at temperatures around 20-10° degrees such
as are found in the interior of ordinary stars.
The lighter elements (Li, Be, B) would “burn”
in a very short time and are not replaced as is
carbon in the cycle (2), whereas the heavier
elements (O, F, etc.) react too slowly. Helium,
which is abundant, does not react with protons
because the product, Li% does not exist; in fact,
the energy evolution in stars can be used as a
strong additional argument against the existence
of He% and Li®% (§3).

Reaction (2) is sufficient to explain the energy
production in very luminous stars of the main
sequence as Y Cygni (although there are difh-
culties because of the quick exhaustion of the
energy supply in such stars which would occur
on any theory, §9). Neither of the reactions (1)
or (2) is capable of accounting for the energy
production in giants; if nuclear reactions are at
all responsible for the energy production in these
stars it seems that the only ones which could
give sufficient energy are

Hz+H=He? (3)
Li* 7+H=He? ‘+He.

It seems, however, doubtful whether the energy
production in giants is due to nuclear reactions
at all.?

§2. ForMuLA FOR ENERGY PRODUCTION

The probability of a nuclear reaction in a gas
with a Maxwellian velocity distribution was first
calculated by Atkinson and Houtermans.? Re-
cently, an improved formula was derived by
Gamow and Teller.* The total number of
processes per gram per second is*

4 pPXi1Xs T
= —— —aR e 2 (4)
38/2 M 1Mie h

Here p is the density of the gas, x:x: the concen-

trations (by weight) of the two reacting types of

nuclei, mma their masses, Ze and Zee their
charges, m=mmq/(m,+m,) the reduced mass,

R the combined radius,

a=h*/me*Z,\Z, (5)

the “Bohr radius' for the system, I'/A the
probability of the nuclear reaction, in sec.”?,
after penetration, and

wimeZ 272\ |
=3 (__._._._,_) . (6)
2R%ET

If we measure p in g/cm?, T in volts and 7T
in units of 10® degrees, we have

p=15.3-10%px %21 0(Z1, Z,) %" g 'sec.™, (7)
r=42.7(Z:Z3) (A /T, (8)

1 8R\?
w=—————-——“(——) gt BRI (9)
A1Ay(Z2,2,4)\ a
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History

From time immemorial people must have been curious to know what keeps
the sun shining. The first scientific attempt at an explanation was by Helm-
holtz about one hundred vears ago. and was based on the force most familiar
to physicists at the time, gravitation. When a gram of matter falls to the sun’s
surface 1t gets a potential energy

Epot = = GM|R = —1.91- 10%5 erg/g )

where M= 1.99-10%3 g 1s the sun’s mass, R= 6.96-10'° c¢cm its radius, and
G=6.6710"the gravitational constant. A similar energy was set free when
the sun was assembled from interstellar gas or dust in the dim past; actually
somewhat more, because most of the sun’s material 1s located closer to its
center, and therefore has a numerically larger potential energy. One-half of
the energy set free is transformed into kinetic energy according to the well-
known virial theorem of mechanics. This will permit us later to estimate the
temperature in the sun. The other half of the potential energy is radiated away.
We known that at present the sun radiates

e= 1.96 erg/g sec 2)
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NUCLEAR REACTIONS IN STARS WITHOUT HYDROGEN*

The more luminous main-sequence stars (O and B) exhaust their hydrogen supply in
times of the order of magnitude of 10° years or less, the bulk of the hydrogen being con-
verted into helium by means of the carbon-nitrogen cycle. When the energy supply of the
carbon-nitrogen cycle has been exhausted, the star undergoes gravitational contraction,
and its temperature increases. Various nuclear processes  ® have been suggested for
such a contracting star, all of which require temperatures of well over 10%° K. The main
aim of this note is to point out that there is one nuclear process which takes place at a
much lower temperature of about 2 X 10%° K, namely, the conversion of three helium
nuclel into one carbon nucleus.

We take as an example a main-sequence star of mass SM (B8 star), central density

LAp. J,, 96, 239, 1942,
2 M. Migeotte, Mém. Soc. R. Sci. Liége, 1st ser., Fasc. 3, Vol. 1, 1945,

* This work was carried out during the summer of 1951 at the Kellogg Radiation Laboratory, Cali-
fornia Institute of Technology, Pasadena. The author is indebted to several colleagues at the California
Institute of Technology and at the Mount Wilson and Palomar Observatories for valuable discussions.

1F,. Hovle, M.N ., 106, 343, 1946,
2 G. Gamow and M. Schoenberg, Phys. Rev., 59, 530, 1041,
3L. Borst, Phys. Rev., 78, 807, 1950,
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p = 25 gm/cm? and central temperature 7' = 2 X 10™ K. The average energy radiated
by the star, ¢, is about 60 t;rg,f gm sec, and most of the hydrogen is exhausted in about
10° years. We assume that in the ensuing gravitational contraction the central tempera-

tuse and density are given by
T«R™', p«R-3, (1)

where R is the radius of the star. Gravitational energy is the only source of energy during
the contraction until ‘temperatures over 10! K are reached in a few million years. At
these temperatures the following nuclear reaction sets in:

He*+ He*+ 95 kev— Bef+ v,
He'+Be*— C24 v+ 7.4 mev .

(2)

The nucleus Be® is unstable to disintegration into two He* nuclei. But, since an energy
of only (95 + 5) kev, comparable with thermal energies at temperatures over 10%° K, is
required for its formation, a fraction of about 1 in 101 of the material of the star is kept
in the form of Be® in a state of dynamic equilibrium. The Be® present then easily absorbs
a helium nucleus. Once carbon has been produced, the following reactions also become

possible .
Ct+He*— 0¥+ ~vy<4+ 7.1 mev, (3a)
0"+ He'— Ne+ v+ 4.7 mev, (3b)

and so on. Owing to the increasing Coulomb barrier, the reaction rates decrease with in-
creasing atomic number. Assuming the absence of y-ray resonances, the rates for reac-
tions (2) and (3b) are of the same order of magnitude. Hence the helium is probably con-
verted mainly into C*?, 0", and Ne** and into decreasing amounts of Mg, 5728, 5% 436 .
and Ca*. -
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traction of the star without any increase in temperature, as séon as the energy supply
from the conversion into the very stable nuclei (4 about 40-60) is exhausted. This con-
traction continues (unless the star becomes unstable because of its rotational momentum)
until densities of more than 10** gm/cm?® are reached. The electron gas is then highly
degenerate, and fairly large concentrations of beta-active nuclei are built up because of
the high kinetic energies of the degenerate electron gas. More detailed calculations will
be necessary to determine whether enough time is available during this collapse to build
up the very heavy nuclei (up to uranium), as was suggested by Hoyle.! If the star be-
comes unstable during the collapse and becomes a supernova, one would expect the
various beta-active nuclei to be expelled and to decay in the envelope of the supernova.
These considerations lead to difficulties for Borst’s® hypothesis that the energy genera-
tion in envelopes of supernovae of type I is due, to a large extent, to the beta decay of one
single nucleus, Be’, obtained from the reaction He* 4+ He* — Be” 4+ n. It may, however,
be possible that this reaction predominates over the others discussed in this note, if in a
supernova of type I convection sets in suddenly (with velocities comparable to those of
free fall), so that He* from the cooler outer layers of the star is suddenly brought into the
central regions at a temperature of about 4 X 10% K. It should be emphasized again
that the remarks in this paragraph are quite tentative and speculative.

A fuller account of the calculations on the various processes discussed in this note will
be given elsewhere.

E. E. SALPETER

LABORATORY OF NUCLEAR STUDIES
CorNELL UNIVERSITY
October 2, 1951
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Synthesis of the Elements in Stars”

E. Marcarer Bursmee, G. R. Bursipge, Witriam A. FowLer, anp F. HovLE
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““It is the stars, The stars above us, govern our conditions";
(King Lear, Act IV, Scene 3)
but perhaps

“The fault, dear Brutus, is not in our stars, But in ourselves,”
(Jaulius Caesar, Act 1, Scene 2)
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STELLAR MODELS WITH CONVECTION AND WITH DISCONTINUITY
OF THE MEAN MOLECULAR WEIGHT
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) Received December 9, 1946

ABSTRACT

In this paper the effect of a discontinuity in the mean molecular weight, u, in stellar models is ex-
amined. The case when such a discontinuity occurs in the envelope (r/R < } and mr] = M) is first con-
sidered. And it is shown that, in general, a discontinuity in u produces convective instability in a small
zone past the place where the discontinuity occurs. The resulting turbulence will cause mixing, and the
star will rapidly adjust itself to a neighboring stable state, in which the interior region of higher u and
the exterior region of lower p are separated by & transition region in which u varies according to the law
u « P75 Tt is further shown that the time required for such a readjustment is very small, compared
to the time in which a discontinuity in u can be established.

The case in which the discontinuity in x occurs in the deep interior is next examined. It appears that,
even here, a pure discontinuity of x will, in general, be smoothed out and a transition zone of variable

. u established. The law of variation of u in this transition zone follows the law u = m(r) P8, Owing to
the presence of the factor m(r), the importance of the transition zone is greater when the change in u oc-
curs in the deep interior.

Finally, stellar models are constructed which consist of convective cores and radiative envelopes with
assigned mean molecular weights u; and u,, respectively, separated by transition zones of variable u
(also in radiative equilibrium). It is shown that these models satisfy ol the conditions of the problem
and, further, that they do not differ greatly in their physical properties from models constructed with
point-source envelopes fitted directly to convective cores without regard to the continuity of the lumi-
nosity at the interface. However, up to a certain point their interpretation as a sequence of evolution is
easier,

1. Introduction.—Stellar models in which the mean molecular weight, u, takes differ-
ent values in different parts of the star have been discussed on a number of occasions in
recent years. The most important physical context in which the problem arises is in con-
nection with the expected increase in the mean molecular weight in the convective re-
gions in the interior, consequent to the gradual impoverishment of hydrogen by the con-
tinued operation of the carbon cycle.! F, Hoyle and R. A. Lyttleton?® have also considered
the possibility that accretion of interstellar hydrogen might lead to a discontinuity of u




Hvézdy
Paul Ledoux

Hvezdné modely s konvekci a diskontinuitou stredni molekulové

hmotnostir. 1947

STELLAR MODELS 307

In a region where p is a constant, the condition of convective stability resulting from
the requirement that a small parcel of matter displaced adiabatically upward (down-
ward) becomes heavier (lighter) than the surrounding medium is

dlogT _ 2
et =
dlogP ™~ 5' (8)
if the ratio of specific heats, v, is taken to be £, as for a monatomic gas.
In a region where u varies (owing to a real spatial difference in chemical composition
and not to the variation of physical conditions), we must take into account the fact that u
remains constant during the displacement of a small element, and the condition of sta-
bility becomes
dlogT .2  dlog

_i..

dlogP ™5 " dlogP"- (9)

Now, if p varies from a value g, in the outer part to a value u; = u, + Ap in the inner
part across a spherical shell of thickness Ar between the two parts, then in this region of
varying u, equations (1)-(7) will continue to be valid, whatever the value of the ratio
Ap/Ar. Equations (1) and (7) require that Am(r) and AP be proportional to Ar, while
from equation (5) it follows that one of the ratios Ap/Ar or AT/Ar must be of the same
order of magnitude as Au/Ar. L. Gratton* argues in favor of taking AT /Ar proportional
to Au/Ar. But, by equation (2), this would make L(r) depend, in that region, on the
steepness of the variation of u, which is physically inadmisgible; and AT, like Am(r) and
AP, should be proportional to Ar. Passing to the limit of a discontinuity in u, we obtain
the usual boundary conditions, namely, that m(r), P, and T are continuous across the
interface, while p has a discontinuity related to that of u by

Bk (10)
Pe K.
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THE PHYSICAL STATE OF INTERSTELLAR
HYDROGEN

BENGT STROMGREN

- ABSTRACT

The discovery, by Struve and Elvey, of extended areas in the Milky Way in which
the Balmer lines are observed in emission suggests that hydrogen exists, in the ionized
state, in large regions of space. The problem of the ionization and excitation of hydro-
gen is first considered in a general way. An attempt is then made to arrive at a picture
of the actual physical state of interstellar hydrogen. It is found that the Balmer-line
emission should be limited to certain rather sharply bounded regions in space surround-
ing O-type stars or clusters of O-type stars. Such regions may have diameters of about
200 parsecs, which is in general agreement with the observations. Certain aspects of the
problem of the ionization of other elements and of the problem of the relative abundance
of the elements in interstellar space are briefly discussed. The interstellar density of
hydrogen is of the order of N = 3 cm—3. The extent of the emission regions at right
angles to the galactic plane is discussed and is found to be small,

I

The recent discovery, by Struve and Elvey,” of extended regions
in the Milky Way showing hydrogen-line emission has opened up
new and highly important possibilities for the study of the properties
of interstellar matter. From the observed strength of Ha in the
emission regions, Struve? has calculated the density of interstellar
hydrogen. Also, he has analyzed the problem of the ionization of
interstellar calcium and sodium, taking account of the presence of
ionized hydrogen.
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Consider a point in interstellar space at the distance s from a
star of temperature T and radius R. Let the number of neutral hy-
drogen atoms per unit volume be N’; the number of hydrogen ions,
N"; and that of free electrons, N,. The degree of ionization at s
is determined* by the equation

] 3/2 ' T
N“N, . (zrm,) 2_‘?;_ (krjgfzg—ﬂk?‘ . T—"”] W g, (I)

N B g T

Here I is the ionization potential; ¢’ and ¢’ are the statistical
welghts of the lon and the ground state of the atom, respectively;
VT o/ T is a correction factor to allow for the difference between the
temperature T of the exciting star and the electron temperature
T at s (cf. Rosseland®); while ¢77* measures the reduction in the
ionizing ultraviolet radiation due to absorption, 7, being the optical
depth from the ionizing star to the point s. Finally, w is the dilution

factor at s, given by
—— R—E - (2)
45

w
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This relation holds for any element. Introducing the proper numeri-
cal values for hydrogen, viz., ¢’/¢" = 4, I = 13.53 volts, and a, =
6.3 + 107 cm™?, we get

log s, = -0,44+%]0g( %—1) — 4.510+ 3log T

+ %2logR — %log N .

(19)

Table 4 gives log s, for hydrogen for R = 1 and N = 1 as a func-
tion of T. The temperatures have been so chosen as to correspond
to the spectral types from O3 to Bs, according to the temperature

TABLE 4

log 50 log a

Sp. log T ] for R=1 5o for R=1

and N=1 and N =1

O A W A 4.90 | o.063 I.73 54 parsecsXRV/3N—=/3 7.46—10

11— 4.80 L0709 1.60 40 7.50
KW e s S 4.70 . 100 1.46 20 5,73
GI: v poivosigivmea 4.60 126 1.29 20 7.90
R ¢ et i e 4.50 .158 1.10 13 8.09
;7 (R 4.40 . 200 0.86 7.2 8.33
BT i e e 4.36 .21Q ©.75 5.6 8.44
B2, iovavmaimin 4.31 245 o.62 4.2 S.57
. T = 4.27 . 260 0.40 3.1 8.70
1 e Sy 4.23 205 0.35 2.2 8.84
BE. s m 4.10 | 0.324 0,20 1.0 8.99
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Table 35 gives s, for main-sequence stars of spectral types O5-Bs.
The assumed visual magnitudes’ from which R was computed, using

TABLE 5
Sp. T Mvia L

€ L P 79, 000" —4™2 140 parsecsX N3/
O, i o ossassa 63,000 —4,1 110

5 - 50,000 —4.0 &7

& - 40,000 —3.0 66

O s a2 32,000 -1.6 46

Bo. .. 25,000 —3.1 26
Br............. 23,000 —2.5 17

. & 20,000 —1.8 11

1 O e U e 18,600 —1.2 - B
By. dvaediie]  ET;000 -I1.0 5.2

- . 15,500 —0.8 3.7

!, . R, 10, 700 +0.9 0.5

Kuiper’'s bolometric corrections,® are also given. The values of R
range from about 4 to 7 solar radii. An increase in brightness of
1 mag. would lead to an increase of s, by a factor of 1.36.

The increase in the lonized volume as one passes from low-tem-
perature stars to high-temperature stars is so pronounced that it
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THE PULSATIONAL STABILITY OF MODELS FOR
RED GIANT STARS*

Joun Paur Coxf

Goethe Link Observatory, Indiana University, Bloomington, Indiana
Received March 25, 1955

ABSTRACT

THe pulsational stability of a typical red giant star model is examined The phase delay in energy
production by the carbon cycle is found to be negligible, of the order of 10~* radians The nuclear reac-
tions in the central regions are further shown to have a negligible effect on the maintenance of pulsations.
The dissipation of pulsation energy by radiation losses is found, under the usual assumptions, to yield
a damping time of about 10 days for the pulsations. It is therefore concluded that if the cepheids are
represented by the centrally concentrated red giant models, the cause of the pulsations must be sought
in the outer 15 per cent of the stellar radius, where many of the usual approximations are not valid.

I. INTRODUCTION

The purpose of the present study is to examine the pulsational stability of recent
models proposed to represent the classical cepheid variable stars. Pulsation integrations
of three such highly centrally concentrated red giant models were carried out recently by
1. Epstein (1950), for the purpose of examining the effect of high central-mass concentra-
tion on the pulsation properties. One of the models used was the red giant model Case 15
of Schwarzschild and Li Hen (1949). This model will hereafter be referred to simply as
the “S-L model.” Whenever reference is made specifically to the particular S-L model
with M = 1.34 X 10% gm chosen by Epstein (1950) and used for the numerical calcula-
tions here, we shall write “S-L(M) model.” The central temperature in all cases is taken
as 30 X 108° K, and the central density appropriate to this assumed mass is 22.14

gm/cm?,

- — ® . L - n i@ L 1 a1l - loabkid e -n‘n‘-:'rﬂ 'I"L'I'I}ﬂﬂ
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The damping time for the pulsations is then defined by = 1/|x]|. In the case of a nega-
tive «, the damping time must be interpreted as the time required for the amplitude of
pulsation to increase by the factor e. Only the real part of « affects stability. The condi-
tion

k=10 (8

must be satisfied by a star which is maintaining pulsations with constant finite ampli-
tude, as is apparently true of the cepheid variables.
1. VARIATION IN THE RATE OF THERMONUCLEAR ENERGY PRODUCTION

The abundance variations of the constituents of the carbon cycle were computed by
the use of a first-order theory. In particular, the Lagrangian variation in the abundance
of the kth constituent was assumed to be of the form

53 oy D) = dyue™ ™, ©

where 8y is the real amplitude of the total Lagrangian variation and B is the phase
delay in the abundance variation. The quantity ys is defined by

L3

= - "
2 ™

§=1

(10)

Yr

where n; is the number of particles of type k per unit volume and the summation is
extended over all constituents of the carbon cycle. For the numerical calculations, the
TABLE 1

NUMERICAL VALUES OF 8yx FOR CONVECTIVE CORE
or S-L(M) MODEL*

#F———f’—f;;‘;

—Gyr/m
k ELEMENT
Center Edge
1 Y 415 (—12) 343 (—14)
2 N3 2 107 (—13) 7 204 (—15)
3 o 2 27 (—13) 9 81 (—15)
4 Nu® 383 (—1 2 88 (—14)
5 o’ 5 797 (—14) 1 501 (—15)
6 N 24 (—13) 18 (—15)

# The numbers in parentheses are the powers of 10 by which the cor-
responding entries must be multiplied
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sentially only by the two B-processes in the carbon cycle; (3) as might be expected
physically, the phase delay in the variation of energy production is inversely proportional
to the period of pulsation of the star,

IV. THE VARIATION IN THE NET FLUX OF RADIANT ENERGY

The variation in the net flux of radiant energy is expressed by the quantity d(6H)/dm

in equation (4). The following assumptions have been made throughout the star: (1)

radiative transfer is the principal mechanism of energy transport, with an opacity law
of the form

K= KQP'TL.' 3 (11

where the constants have the values appropriate to the S-L model; (2) the pulsations are
assumed to be adiabatic; (3) the ratio of specific heats y = §5/3. -

TABLE 2

POWER-LAW EXPRESSIONS FOR PHASE DELAY AND
AMPLITUDE OF VARIATION IN ENERGY PRODUC-
TION BY CARBON CYCLE

Quantity In Convective Core Dut:ii:rl: ((I:s::“-
Be/ € , 11 10p°93(T/30)° “(5p/p) | 10 94(3p/p)
¢ (radians 4 16X10~3T/30) 2 /P 4 490X 107%/P

The choice of such a simple opacity law was dictated primarily by the desire for con-
sistency with the original S-L model, in addition to the resulting relative simplicity of
the calculations. The validity of assumptions 2 and 3 is discussed in Section V.
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PHYSICAL BASIS OF THE PULSATION THEORY
OF VARIABLE STARS!

By S. A. ZHEVAKIN
Radio Physics Instilute, Gorky University, Gorky, USSR

It 1s not the purpose of the present paper to criticize the entire literature
dealing with the theory of stellar variability (this would require a paper of
much greater size) but to give a brief account of the physical content of the
theory as it exists up to 1963. At the same time, special emphasis has been
placed on those aspects of the problem which are of interest to the author
and seem most worthy of attention. Thus, the paper does not pretend at any
kind of full coverage of the literature. It should be noted that very useful
~ surveys of many investigations on the theory of stellar variability may be

found in papers by Rosseland (1), Ledoux & Walraven (2), Ledoux (3), and
Ledoux & Whitney (4).

I. BriEF HisToRICAL SURVEY OF THE DEVELOPMENT OF THE PULSATION
THEORY OF STELLAR VARIABILITY

The explanation of the variability of stars by their pulsations (free oscil-
lations) was first put forward by Ritter in a series of publications (5); it was
also suggested by Umoff in 1896 during the defense of Belopolsky's thesis,
Figure 6: Sergei Aleksandrovich in connection with the latter's discovery of the periodic Doppler shift of

Zhevakin 1916 — 2001 spectral lines in the atmosphere of § Cephei. 8
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Max Planck-Institut fiir Physik und Astrophysik, Miinchen

The Pulsations of Models of é Cephei Stars
By
N. Baker and R. KIPPENHAHN

With 17 Figures in the Text
(‘Received August 21, 1961)

Model envelopes (in hydrostatic equilibrium) have been integrated for five
population I stars in and near the § Cephei region of the Hertzsprung-Russell
diagram. Linearized time-dependent equations representing radial pulsations of
“hese equilibrium models were then solved numerically in order to study their

ability against pulsation; that is, to determine whether a small radial distortion
t the equilibrium models decreases (stability) or increases (instability) with time in
rder to make the star pulsate like the observed pulsating variables. It is found that

star in the J Cephei region (M = 11.5 M4, L = 5000 Ly, T,= 5390°) having a
eriod of 69 is pulsationally unstable due to the destabilizing effect of the He+
mization region. Overtone pulsations of this model appear to be damped. Models
aving higher effective temperatures than cepheids, as well as stars having smaller
1ass or higher luminosity, and obeying the same period-density relation as
:pheids, are stable.

1. Introduction and Main Results

The question of the origin of the pulsations of stars of the & Cephei type

i the question as to the exciting mechanism which must feed as much
ulsational energy to the star from its total energy supply asislost, through
ae well-known damping mechanism, during pulsation. The estimates
~f EppiNvarox (1930) and ZaevaRIN (1953) show that a pulsating star
without this exciting mechanism comes to rest in a relatively short time,
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ON SECOND HELIUM IONIZATION AS A CAUSE
OF PULSATIONAL INSTABILITY IN STARS

Jorn P. Cox*
Joint Institute for Laboratory Astrophysics, Boulder, Colorado
Received July 27, 1962; revised December 22, 1962

ABSTRACT

The |:-ur€l ose of this investigation was to test the hypothesis (Zhevakin 1953, 19544, b; Cox and Whit-
ney 1958) that He" ionization in the envelope is the source of the mstabxhty in cephe;d variables and
possibly also in other types of pulsating stars. Numerical solutions of the complete set of linearized, non-
adiabatic pulsation equations have been obtained for a large number of simplified stellar envelope models
in radiative equilibrium. The solutions have been used to compute the (negative) dissipation in the en-
velopes and to estimate the (positive) dissipation in the interiors. The parameter values have been
chosen so that the envelopes correspond approximately to classical cepheids, RR Lyrae variables, W
Virginis variables, and zero-age main-sequence stars in the middle and late A's.

We find that, with the possible exception of the W Virginis variables (for which the envelope models
were probably inadequate), instability in a star of given L and M due to He" ionization cannot occur
unless the equilibrium radius R is very close to a “‘critical” radius, R (say |log R/Rex| < 0.15-0.2
for classical cepheids and RR Lyrae variables), which depends on L and M. Models of given L and M
with R = Ryt (called “‘critical models”) are maximally unstable with respect to R, and the stability
depends sensitively on R. For models close to the critical models and havmg a reasonable helium /hydro-
gen ratio B (say >0.10-0.15, by numbers), the negative dissipation in the envelope approximately
cancels the positive d1551patmn in the interior, so that such models could be pulsationally unstable. We
accordingly regard the critical models as possnble simplified models of real pulsating stars, even though
we cannot conclude definitely that these models are actually unstable. When the critical models are plotted
on a Hertzsprung-Russell diagram, the points form *‘loci of maximum instability” which fall close to
or within regions occupied by common types of pulsating stars; the computed periods are also close to
the corresponding observed periods. Stal:ﬂity is far less sensitive to the location of a star along a locus
of maximum instability than perpendicular to it; hence the corresponding theoretical “‘regions of insta-
bility” are long and narrow. We conclude that He* ionization probably accounts for the instability in
classical cepheids and RR Lyrae variables and also (but less certainly) in W Virginis variables and dwarf
cepheids of the & Scuti type. Our conclusion in regard to classical cepheids is corroborated by important
recent calculations of Baker and Kippenhahn (1962).
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Some very important calculations have recently been carried out by Baker and Kip-
penhahn (1962, hereafter referred to as “BK”). These calculations were along the same
general lines as those reported in the present paper, except that many physical factors
which we have neglected have been very carefully taken into account and attention has
been restricted specifically to classical cepheids. These authors have computed accurate
equilibrium envelope models in radiative equilibrium, making use of the Vitense (1951)
opacities, and have solved the linearized, non-adiabatic pulsation equations numerically,
taking H, He, and He* ionization into account and using photospheric boundary con-
ditions. We shall not attempt a detailed comparison of their results with ours, but we
note that, insofar as it is possible to determine, the over-all qualitative agreement
between the two sets of results is good. This gives us confidence that the physical
approximations we have made have not led to serious error.

We note that all such investigations of pulsational stability are fundamentally limited
at present by the absence of satisfactory interior models for pulsating stars. While the
effects of the interiors can be estimated approximately, the estimates have so far not
been accurate enough to permit definitive conclusions to be drawn concerning the actual
existence of instability, even under optimum conditions for instability. This is because
the stability of the star under these conditions is determined by a delicate balance
between two large quantities of opposite sign. This problem is discussed further in
Section II.

The method of calculation adopted here is described in Section IIT; the results are
presented and discussed in Section IV. These results, while accurate within the frame-
work of the simplifying physical assumptions and the restrictions arising from the
absence of interiors, are probably only qualitatively significant as applied to real pul-
sating stars. We present in Section V an interpretation that facilitates an understanding
in physical terms of the main features of the stability calculations.
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. Stellar Structure and Evolution

By M. Schwarzschild *

The theory of the internal constitution of the
stars entered a basically new phase in 1938
with the discovery of the particular nuclear
processes that provide the main energy sources
for the stars, and, soon thereafter, with the
fairly accurate determination of the reaction
rates of these processes.

It had long been known that a star of given
mass and chemical composition has a unique
equilibrium structure. But it was not possible
actually to determine this unique structure
as long as one of the fundamental relations,
that for the rate of energy production by
nuclear processes, was unknown. Now that
the necessary nuclear data are available we
can not only determine the internal structure
of a star in its initial state when it just starts
burning its hydrogen fuel, but we can also
follow, step by step, in a quantitative non-
speculative manner, the evolutionary changes
caused by the nuclear transmutations.

Many possibilities are now within our grasp:
to interpret the Hertzsprung-Russell diagram
in terms of stellar evolution, to determine the
ages of star clusters and even of individual
stars, to sort out the oldest stars and by analyz-
ing them to gain insight into the composition
of our galaxy at its earliest phases, and to
obtain clues to the origin of the elements by
a comparative analysis of the oldest and the
youngest stars.

P

processes will be needed from nuclear physics.
Similarly, for many star clusters color-magni-
tude diagrams of high precision at faint mag-
nitudes are needed from observational astron-
omy. In both these fields, which are funda-
mental to the theory of stellar evolution,
progress has been very rapid and encouraging
in recent years. There are, however, three
other neighboring fields which should be
actively cultivated if the investigation of stellar
evolution in its broadest sense is to progress.

Computing facilities are our first concern.
The basic problem of stellar structure and evolu-
tion can be formulated mathematically in
terms of a fourth-order boundary-value prob-
lem, whose solution depends on the stellar
mass and chemical composition and varies with
time. To find the solution, numerical methods
have to be employed. Much useful prelimin-
ary computation can be done with desk ma-
chines. The numerical work needed, however,
to obtain a sufficient range of solutions with
satisfactory detail and accuracy is so extensive
that it cannot be tackled effectively with desk
calenlating machines; large electronic machines
are needed. At a small number of institutes
such large machines have generously been made
avajlable for pure astronomical research. Astro-
physical research absolutely requires the help
of large electronic computers if it is to grow
from its present promising beginning to the

i ti ila smmahlamo Adamand
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RED GIANTS OF POPULATION II. I

M. ScHWARZSCHILD AND H. SELBERG

Princeton University Observatory
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g ABSTRACT

A sequence of 16 stellar models is given which cover the red giant phases preceding the onset of helium-
burning in globular-cluster stars,.

I. INTRODUCTION

An early investigation of the internal structure of red giants in globular clusters
(Hoyle and Schwarzschild 1955) indicated that helium-burning commences in a popuila-
tion I star when it reaches the top of the red giant branch. It became apparent in that
investigation that a substantial effort would be required if the helium-burning evolution
phases were to be followed in detail. Such an effort was undertaken by Haselgrove and
Hoyle (1956, 1958), and a parallel effort was started here in Princeton in 1956, with the
help of the electronic computer at the Institute for Advanced Study. The model sequence
to be described here was finished in 1958 just before the Institute’s computer was re-
tired. Neither of these two efforts succeeded in following the helium-burning phases.

The present model sequence, which stops just at the onset of helium-burning, is being
published here (even though it is 3 years old and shows satisfactory agreement with that
published already by Haselgrove and Hoyle) in part to give more detailed numerical data
than these authors have given, and in part to form a basis for a more recent investigation
(Schwarzschild and Hirm 1961), in which the helium flash was followed through in detail
and which is to be described more thoroughly in the second paper of this series.
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The change of the composition at the edge of the core was approximated by a discon-
tinuous jump. For the starting model the mass of the core was taken to be
M,;=026M,

-

where the subscript j indicates the composition jump point. This completely defines the
starting model; energy release by contraction is negligible in this state, and hence the
entropy distribution of the preceding state is irrelevant for this model.

The usual equations were employed for the equilibrium conditions (see, e.g., Schwarz-
schild 1958, egs. [12.1], [12.2], [12.4], [12.6], [12.7] in its second form, and [12.10]). The
equation last quoted represents the energy-conservation law and includes the contraction
term expressed by the time derivative of the entropy. This term, though negligible in the
first few models of the series, plays a decisive role in raising the temperature at the center
to the helium-burning point by the end of the present sequence.

The equation of state was represented by

=N, % ol (for non-degenerate state) , (1)
P=N_ I_f’ pl + K N3 pb/3 (for degenerate state) , @)
with
Ky =991 X 102, Ne=2X+3V + %2,

No=X+1VY+&Z, N.=X+3V+1z.

The gradual transition from the non-degenerate to the degenerate state was approxi-
mated by an abrupt transition from equation (1) to equation (2) at the P-7" locus at
which these two equations give identical pressure. This locus is given by

5/2
P=—§j(?§) Klsszap’E' (3)




Hvézdy
Martin Schwarzschild

Rudi obri populace I1. r. 1962

152 M. SCHWARZSCHILD AND H. SELBERG Vol. 136

following equation, which prescribes the value of the entropy in the outer convection
zone as a function of the effective temperature:
: 4 L/R? )‘

- = 10—2 26 =

T5/2 L, /R

(6)

This equation is nothing but an interpolative representation of slightly more accurate
re&ul;:s for the pressure boundary condition derived earlier (Hoyle and Schwarzschild
1955).

The transmutation of hydrogen to helium was taken into account by increasing the
mass of the helium core from model to model. The increment in core mass was computed
for each model from the usual relation involving the luminosity (as far as it arises from

hydrogen-burning), the time step, and the number of ergs released per gram of hydrogen
burned.

III. MATHEMATICAL TECHNIQUES

The four basic equilibrium conditions contain the time explicitly only in the gravita-
tional contraction term of the energy-conservation law. This term was handled here by
the so-called implicit method for heat-conduction problems. In thismethod the time deriv-
ative of the entropy is replaced by the difference between the entropy in the model under
construction and the entropy in the preceding model at the same mass element divided by
the intervening time step. The evolution phases considered here are moderately slow and,
therefore, the time steps between models relatively long. Under these circumstances the
implicit method is entirely satisfactory. For its application it is necessary to store the
entropy of the preceding model as a function of mass fraction. The entropy is constant in
the outer convection zone and fairly constant in the degenerate core but changes ex-
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TABLE 1*
PHYSICAL CHARACTERISTICS OF MODELS
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* The subscript ¢ indicates the center, d the edge of the degenerate core, j the jump in composition, and & the inner edge
of the convective envelope The evolution time, ¢, is given in millions of years
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TABLE 2
R d 4 b A l II 1 96 2 DETAILED DATA FOR MODEL 16
udi obii populace I1I. r.

r/R M. /M L./L log P log T log p
0 .. 0 000 0 000 22 29 791 +5 86
0 00002 0 008 0 000 22 23 791 +5 83
0 00004 0 037 0 000 22 11 79 +5 75
0 00006 0 102 0 000 21 90 79 +35 62
0 00008 0 190 0 001 21 59 7 91 +5 42
0 00010 0 279 0 002 21 18 7 91 +5 16
0 00012 0 344 0 002 20 60 79 44 79
0 00014 0 377 0 003 19 86 7 86 +4 22
0 00016 0 388 0 003 19 07 707 +3 51
0 00018 0 391 0 004 18 36 775 +2 82
0 00020 . 0 392 0 004 17 78 775 +2 24
0 00025 0 392 079 17 03 772 +1 12
0 00030 0 392 1 00 16 72 7 65 +0 88
0 00035 . 0 392 1 00 16 46 7 58 +0 69
0 00040 0 392 1 00 16 23 7 52 +0 52
0 00050 0 392 1 00 15 85 7 43 40 23
0 00060 0 392 1 00 15 54 735 0 00
0 00080 0 393 1 00 15 06 7 23 —0 36
0 0010 0 393 100 14 68 714 —0 64
0 0012 0 393 100 14 38 7 06 —0 87
0 0014 0 393 1 00 14 13 7 00 —1 06
0 0016 0 393 1 00 13 91 6 94 —1 22
0 0018 0 393 1 00 13 72 6 00 —1 37
0 0020 0 303 1 00 13 55 6 85 —1 49
0 0025 0 393 100 13 20 6 77 —1 76
0 0030 0 393 1 00 12 91 6 70 —1 93
0 0040 0 394 100 12 48 6 59 —2 30
0 0050 0 394 1 00 12 15 6 50 —2 54
0 0060 0 394 1 00 11 89 6 44 -2 71
0 0080 0 394 1 00 11 50 6 34 -3 03
0 010 0 395 100 11 22 6 27 3 34
0 020 0 397 1 00 10 43 6 05 -3 72
0 030 0 398 100 10 02 5 89 —4 06
0 40 0 401 100 973 577 —4 23
0 060 0 408 100 9 33 5 61 —4 47
0 08 0 416 1 00 9 06 550 —4 64
0 10 0 425 1 00 8 8BS 5 42 —4 76
0 15 0 458 1 00 8 47 527 —4 99
020 0 490 100 8 19 516 -5 16
0 25 0 532 1 00 7 95 5 06 -5 30
0 30 0 578 100 115 4 08 —5 42
0 35 0 627 1 00 7 56 4 91 —5 54
0 40 0 678 1 00 7 38 4 83 —5 65
0 50 0 775 1 00 7 01 4 69 —5 86
0 60 . 0 864 1 00 6 62 4 53 —6 10
07 0 932 1 00 6 16 4 35 -6 38
08 0 084 100 5 60 4 13 —6 72
09, 1 000 100 4 72 378 —7 25
1 00 1 000 100
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: FIIE:. l.—Hertzsprung-Russell diagram of the present models (dots) compared with a globular cluster
curve).
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F1c. 2.—Temperature-density diagram for model 1 and model 16, The letter ¢ indicates the center,
a the edge of the degenerate core, j the jump in composition and density, and & the inner edge of the con-
vective envelope.
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L. The Stability of a Spherical Nebula.

By J. H. Jeans, B.A., Fellow of Trnity College, and Isaac Newton Student in the
Unwersity of Cambridge.

Communicated by Professor G. H. DarwiN, F.R.S.
Received June 15,—Read June 20, 1901, Rovised February 28, 1902.

INTRODUCTION.

§ 1. THE object of the present paper can be best explained by referring to a sentence
which occurs in a paper by Professor G. H. DArwin.* This is as follows :—

“The principal question involved in the nebular hypothesis seems to be the
stability of a rotating mass of gas; but, unfortunately, this has remained up to now
an untouched field of mathematical research. We can only judge of probable results
from the investigations which have been made concerning the stability of a rotating
mass of liquid.”

In so far as the two cases are parallel, the argument by analogy will, of course, be
valid enough, but the compressibility of a gas makes possible in the gaseous nebula a
whole series of vibrations which have no counterpart in a liquid, and no inference as
to the stability of these motions can be drawn from an examination of the behaviour
of a liquid. Thus, although there will be unstable vibrations in a rotating mass of
gas similar to those which are known to exist in a rotating liquid, it does not at all
follow that a rotating gas will become unstable, in the first place, through vibrations
which have a counterpart in a rotating liquid : it is at any vate conceivable that the
vibrations through which the gas first becomes unstable are vibrations in which the
compressibility of the gas plays so prominent a part, that no vibration of the kind
can occur in a liquid. If this is so, the conditions of the formation of planetary

systems will be widely different in the two cases.
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We have therefore determined already the eireumstances under which a transition
from a symmetrical to an unsymimetrical configuration can occur., It remains to show
that there is, in eftect, an exchange of stahilities at a point of bifurcation, and to
examine on which side of the point of bifurcation the spherical configuration is stable.

We are going to prove that the spherical configuration is stable for all values of
less than %, the lowest value of % at which a point of bifurcation of order different
from zero can oceur. Our method will be as follows : Any two equilibrium configura-
tions ean be connected by a continuous linear geries of equilibrium configurations, and
w will vary continuously as we move along this series. If one of the two termimal
configurations is stable, and if the linear series can be chosen so that » does not at
any point of 1t pass through a value for which a vibration of frequency p =0 is
possible, then we know that the other terminal contigwration is also stable.

The value of vy, the gravitation constant, has been taken equal to unity. If this
coustant is restored, the value of v becomes (equation (54))

" 5 tp [dw
Wy dr | dr

!
Si“.CU oy = }\‘J_‘p, \ILPE-. lla\U

{‘.{ )] l: F FEY m -'.!'l
= = p-— (NT) 4 AT =2-
o iar 2 or

For an infinite nebula, the first term on the right-hand of this equation will
vanish at infinity in comparison with the second. - Hence we have us the
value of w4,

Ly, 2mvet

Ue = 0“5 v 2 w ¢ % g = (104)
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Stellar Evolution in Early Phases of Gravitational Contraction

Chushiro HAYASHI
Department of Nuclear Science, Kyoto University, Kyoto

(Received August 28, 1961)

Abstract
The surface condition for red giant stars worked out in the previous paper
indicates that stars lie in the low luminosity and low temperature region of the
H-R diagram cannot be in equilibrium so that the evolutional path of contracting
stars in this region will be different from that calculated by HENYEY et al. The
age of these stars along the loci of quasi-static solutions is ealeulated. The result
" seems to explain well the H-R diagram of a young cluster NGC 2264.

The gravitational contraction of stars in their very early stage of evolution
were calculated by LEVEEY, SALPETER® and HENYEY et al.® under the assumption
that the stars were wholly in radiative equilibrium. It is now clear, however,
that the late-type stars have hydrogen convection zones and the effect of these
zones to the whole internal structure can not be negelected. Previously, the author®
studied the structure of the outer envelope of late-type giant stars and calculated
the locus E'=constant in the H-R diagram, where E=4zG**(uH/k)*>MY2R%2P/T5>
is the characteristic value which determines the degree of the central condensation
of the solutions with polytropic index 3/2. Now, 45 is a maximum value of E
beyond which there exist no quasi-state solutions. In the Fig. 1, APB shows the
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The life time of the contraction is calculated for Population I stars using the
expressions
dE 3r—4 3 GM:

S =—L, E=—7l_"

dt 8¢—1) b-n R (1)

For the sake of simplicity we take y=5/3 and #n=2. For the curve APB the
previous results? for E=40 are used, and for the line CPD L~M*5R~0% i3 assumed
and the normalization constant is taken from the results by HENYEY et. al.® If
L~R"= along the path, the age of a star from the time when R=co is given by

Mot

()

en

=}
T

8 L L L i | L
42 41 40 33 38 3 3BWMIB 34 13 37 3l

Log Te

FiGc. 2. Evolutional tracks and ages of stars with different masses in gravitational
contraction. ¢, and ¢; denote the ages (in yeasr) at the turning point and
on the main sequence, respectively.
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THE EARLY PHASES OF STELLAR EVOLUTION

L. G. HENYEY, RoBERT LELEVIER,
AND R. D. LEVEE

Berkeley Astronomical Department and Livermore Radiation Laboratory,
University of California

INTRODUCTION

Comparatively little effort has been directed to the study of
the early gravitational phases in stellar evolution. Since during
the last few years considerable interest has arisen in the study of
what appear to be recently formed groups of stars, added signifi-
cance may be given to theoretical investigations concerning the
early life of a star. The following results deal with the pure gravi-
tational contraction of a stellar configuration and its transition to
one deriving its energy from thermonuclear sources.

THE CALCULATIONS

A complete discussion of the technique of calculation will be
given elsewhere® and only a brief summary is needed in connec-
tion with the following discussion. A few remarks are first given
concerning the physical effects allowed for in the work and then
a summary of the mathematical representation and numerical
treatment is presented.
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Pocatecni faze hvézdneho vyvoje, r. 1955

HENYEY, LE LEVIER, AND LEVEE

leads to the introduction of certain transients which quickly dis-
appear. Actually without an acceptable and detailed theory of star
formation it is difficult to formulate an unambiguous prescription
for establishing a starting configuration. Fortunately, some check
calculations indicate that a considerable latitude in choice leads
after a few time steps to very nearly the same results.
Before we discuss the separate tracks individually, a few gen-

.......
e X+074
TThee MeIS48 700

—————

TTtee Me125

1 1 1 |

-E_‘.___ M:0ES

40

38 38 a7 16 35 34
Log Te

33 32

Fic. 1.—Theoretical evolution tracks for different masses.




Hvézdy - prichod na hlavni posloupnost
Pocatecni faze hvezdneho vyvoje, r. 1955

EARLY PHASES OF STELLAR EVOLUTION 159

will, however, probably not be changed basically but only modified
numerically.

The time scales associated with each of the tracks in Figure 1
are given in Table I. The times ¢, and £, are respectively the time
of maximum luminosity and the time at the end of the track.

TABLE 1

TiME SCALES AND Mass

¢, (maximum) t, (end of track)
Mass (years) (years)
0.65 7 X 107 1.5 108
1.00 1.6 x 107 3 x 107
1.25 8 x 108 1.4 < 107
1.549 4 % 108 8 x 106
2.291 1.8 x 108 3 106

These must be regarded as providing only a rough measure of
the scale for two reasons: first, they are both referred to the
somewhat arbitrary zero provided by the starting configurations;
second, ¢, is poorly defined since changes in terms of a gravita-
tional time scale level off gradually, the various parameters ap-
proaching their “final” values only asymptotically.
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THE MAXIMUM MASS OF IDEAL WHITE DWARFS
By S. CHANDRASEKHAR

ABSTRACT

The theory of the polytropic gas spheres in conjunction with the equation of state
of a relativistically degenerate electron-gas leads to a unigue value for the mass of a star
built on this model. This mass (=0.91®) is interpreted as representing the upper
limit to the mass of an ideal white dwarf.

In a paper appea.riﬁg in the Philosophical Magazine, the author
has considered the density of white dwarfs from the point of view of
the theory of the polytropic gas spheres, in conjunction with the
degenerate non-relativistic form of the Fermi-Dirac statistics. The
expression obtained for the density was

p=2.162X 10°X tﬂ—é)z ; (1)
where M /O equals the mass of the star in units of the sun. This
formula was found to give a much better agreement with facts than
the theory of E. C. Stoner,? based also on Fermi-Dirac statistics but
on uniform distribution of density in the star which is not quite jus-
tifiable.

In this note it is proposed to inquire as to what we are able to get
when we use the relativistic form of the Fermi-Dirac statistics for
the degenerate case (an approximation applicable if the number of
electrons per cubic centimeter is > 6 X 10*). The pressure of such a
gas is given by (which can be shown to be rigorously true)

L
P=é(§) « he - mAls (2)

\T

where % equals Planck’s constant, ¢ equals velocity of light; and as

- P
"G @
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XLVIIL. The Density of Whate Dwarf Stars.
By 8. CHANDRASEKHAR ¥,

1, THE first application of the Fermi-Dirac statistics to

stellar problems was by KFowler ¥+ in connexion
with the well-known problem of the companion of Sirius.
This idea has lately been tuken up by Stoner} and others to
calculate the limiting density of white dwarf stars. In this
paper another way of arriving at the order of magnitude of
the density of white dwarfs trom different considerations i~
given.

2. Let p, denote the radiation pressure and Po the gas
pressure, and the total pressure P is then given by
Pzpf+pﬁ' N L - = ; . . ._(1:_.)
We introduce the constant 8, such that '

poU-pRL T )

pe = BP. .
We will make the anssumption that 8=1 approximately, i.e.,
we leave the radiation pressure out of account. We are-
dealing therefore with ideal conditions whicli can perhaps
exist only in stars which are mueh higher in the white dwarf
stage than even Oy, Eridani B,
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456 Mr. 8. Chandrasekhar, The Highly Collapsed Xcl. §,

The Highly Collapsed Configurations of a Stellar Mass.
By 8. Chandrasekhar,

(Communicated by Professor K, A. Milne.)

§ 1. Professor Milne in his recent paper * on ““ The Analysis of
Stellar Structure ” has put forward some essentially new considera-
tions on the possible steady-state configurations of stellar aggregates
of varying mass, luminosity, and opacity. One of the main conse-
quences of the analysis is the explanation not only of the existence of
white dwarfs—his collapsed configurations—but also of the principal
physical characteristics of these configurations. The following is
devoted to the development of Milne’s theory of these collapsed con-
figurations a stage further.

§ 2. Milne’s estimates for the central density and temperature of
these collapsed configurations indicate that in some cases we pass
beyond the range of validity of the degenerate form of the Fermi-Dirac
equation of state (p = Kpf). It can be shown that the pressure of
an electron gas which is highly degenerate and which has a very highly
predominant relativistic-mass variation effect, takes the limiting form ¥

w
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Now the central density of a highly collapsed configuration con-
sidered as an Emden polytrope “n = £ ” is given by *
32rG3M233

Po = 125K x 7385 ()

where K, is the degenerate-gas constant and

xLi
i e 4meGM

It is clear then that the relativistic effect will be predominant in the
central regions of those collapsed configurations whose masses satisfy

the inequality

(3)

32mGIM2B8 } 8mrmic?
125K,3 x 7'385 X u 3h3
or
X 7385 |#/mecK,\? ;
> ST - oo it - wsm) @

where p is the mean molecular weight and © denotes the mass of the
Sun ( = 1°985 x 10*8 gms.).

The purpose of this paper is to find out the consequences of intro-
ducing the equation of state p = K,pt. It will be shown that we
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kinetic-pressure, taking into account only the electronic contribution,
which 18 certainly by far the most important

nthe/3\} .
e T@) = s o= = )
If we assume the molecular weight u = 2:§mm, then
p = Kyp#, . ¢ : v, (A%}
where
I }!G 3)* - i 14 Y
KE = 3(2.—5—;”—1]—1—')}(1—1- = 3619 X 10 i 5 (I )

With the equation of state given by (1”), the equation of mechanical
equilibrium reduces to

4K, dp

2 -—i m— T . . .
T i M(r) (8)
Remembering that
dM(r)
o P

we have on differentiating (8)

K, d d
‘;(xﬁ dr( rép~4 P) — 4% . . : (9)
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Thus this Composite Series II. joins continuously the Composite Series L.
(§ 7) and the Emden polytrope “n = 3" with p, = pmax, and
M = 920 B~% is the common limit of both the series. We have
therefore the following complete classification of the highly collapsed
configurations (L << L, B ~ 1) for M considered as a variable taking the

whole range of values.

Mass, Description.
Class . —M <061 O -4 Emden polytropes ““ n=4."
Mi=M=610f"1 An Emden polytrope n=§ with
K. \*
Pc=<1—{;)

Class II.—o'61 O -1 <M <0'920 "~ Composite I.—Degenerate envelope
surrounding a homogeneous core.

My=M=o0920 "1 Approximately an Emden polytrope
“n=3" with ps=pmax.

Class ITL,—M> 92 O '~ Composite II.—relativistic enwvelope
and homogeneous core.
M- Completely homogeneous (p=pmax).

That we are thus able to enumerate definitely the steady-state con-
figurations for the whole range of M appears to be in complete conformity
with the general scheme of Milne’s ideas.
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AN INTRODUCTION
TO THE STUDY OF STELLAR
STRUCTURE

By 8. CHANDRASEKHAR

Yerkes Observatory

THE UNIVERSITY OF CHICAGO PRESS
CHICAGO - TLLINOLS

PREFACE

The present volume forms the second in the series of the ““Astro-
physical Monographs.” The plan and scope of this book are set
forth in the introductory chapter, and there remains only the pleas-
ant task of thanking those who have helped me. I am under obliga-
tion to Mr. B. Strémgren for many valuable discussions during the
writing of the monograph and also for allowing me to incorporate in
chapters vi and vii some of his unpublished investigations. In the
samce way, Mr. G. P. Kuiper has allowed mec to use the results of his
study on the empirical mass-luminosity relation before publication.
[ am also deeply grateful to Mr. W. W. Morgan for reading the
whole book both in manuscript and in proof. It is also a pleasurc to
record the gencrous encouragement I have received from Mr. O.
Struve. '

Finally, I wish to express my very grateful appreciation of the
unfailing courtesy and consideration which the officials of the Uni-
versity of Chicago Press have shown me during the printing of this
volume.

S. C.
Y ERKES OOBSERVATORY
December 1938
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ABSTRACT

In this paper a number of problems are considered which are related to the gravitational stability of
cosmical masses of infinite electrical conductivity in which there is a prevalent magnetic field. In Section I
the virial theorem is extended to include the magnetic terms in the equations of motion, and it is shown
that when the magnetic energy exceeds the numerical value of the gravitational potential energy, the
configuration becomes dynamically unstable. It is suggested that the relatively long periods of the mag-
netic variables may be due to the magnetic energy of these stars approaching the limit set by the virial
theorem. In Section II the adiabatic radial pulsations of an infinite cylinder along the axis of which a
magnetic field is acting is considered. An explicit expression for the period is obtained. Section III is
devoted to an investigation of the stability for transverse oscillations of an infinite cylinder of incom-
pressible fluid when there is a uniform magnetic field acting in the direction of the axis. It is shown that
the cylinder is unstable for all periodic deformations of the boundary with wave lengths exceeding a cer-
tain critical value, depending on the strength of the field. The wave length of maximum instability is also
determined. It is found that the magnetic field has a stabilizing effect both in increasing the wave length
of maximum instability and in prolonging the time needed for the instability to manifest itself. For a
cylinder of radius R = 250 parsecs and o = 2 X 10724 gm/cm? a magnetic field in excess of 7 X 107* gauss
effectively removes the instability. In Section IV it is shown that a fluid sphere with a uniform magnetic
field inside and a dipole field outside is not a configuration of equilibrium and that it will tend to become
oblate by contracting in the direction of the field. Finally, in Section V the gravitational instability of an
infinite homogeneous medium in the presence of a magnetic field is considered, and it is shown that Jeans’s
condition is unaffected by the presence of the field.

I. THE VIRIAL THEQREM AND THE CONDITION FOR DYNAMICAL STABILITY

2. The virial theorem.—In a subject such as this it is perhaps best that we start by
establishing theorems of the widest possible generality. The extension of the virial
theorem to include the forces derived from the prevailing magnetic field provides such a
starting point. We shall see that under conditions of equilibrium this extension of the
virial theorem leads to the relation

2T+ 3y—DU+M+a2=0 (1)

between the kinetic energy (7') of mass motion, the heat energy (11) of molecular motion,
the magnetic energy (IN) of the prevailing field, and the gravitational potential energy
(22), where v denotes the ratio of the specific heats. That a relation of the form (1) should
exist is readily understood: For the balance between the pressures pxia, Pgas; A0d Prmae due
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to the visible motions, the molecular motions, and the magnetic field, on the one hand,
and the gravitational pressure, fgrsv, On the other, requires

Pkin + .pxu + Pmnz P;rnv ] (2)
while the order of magnitudes of these pressures are given by
T U H? s
8 Prin = cl_V_s Peas = 52?; pmﬂ--g;;"' “pT (3)
and
Perav = Density X gravity X linear dimension = — ¢, ?, , (3m)

where V denotes the volume of the configuration and ¢, ¢3, ¢3, and ¢4 are numerical con-
stants. A relation of the form (1) is therefore clearly implied. We now proceed to estab-
lish the exact relation (1).

With the usual assumptions of hydromagnetics, the equations of motion governing
an inviscid fluid can be written in the form

du._ ] | H |2
P=ar — T ax, (ﬁ+ )+ Bx, H M, "
where p denotes the density, p the pressure, V the gravxtatmnal potentlal and H the
intensity of the magnetic field. (In eq. [1] and in the sequel, summation over repeated
indices is to be understood.)

Multiply equation (4) by x; and integrate over the volume of the configuration.
Reducing the left-hand side of the equation in the usual manner, we find

fffpx s dx1dx.d %5 = ‘{Mx,- % dm

(3)
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fyzikalni podminky

ON STARS, THEIR EVOLUTION
AND THEIR STABILITY

Nobel lecture, 8 December, 1983

by
SUBRAHMANYAN CHANDRASEKHAR
The University of Chicago, Chicago, Mlinois 60637, USA

1. Introduction

When we think of atoms, we have a clear picture in our minds: a central nucleus
and a swarm of electrons surrounding it. We conceive them as small objects of
sizes measured in Angstroms (~10" cm); and we know that some hundred
different species of them exist. This picture is, of course, quantified and made
precise in modern quantum theory. And the success of the entire theory may be
traced to two basic facts: first, the Bohr radius of the ground state of the hydrogen
atom, namely,

h?

e ~0.5%10% ¢m, (0]
where /1 is Planck’s constant, m is the mass of the electron and ¢ is its charge,
provides a correct measure of atomic dimensions; and second, the reciprocal of
Sommerfeld's fine-structure constant,

he

m'* 187, 2)
gives the maximum positive charge of the central nucleus that will allow a stable
electron-orbit around it. This maximum charge for the central nucleus arises
from the effects of special relativity on the motions of the orbiting electrons.

We now ask: can we understand the basic facts concerning stars as simply as
we understand atoms in terms of the two combinations of natural constants 1)
and (2). In this lecture, [ shall attempt to show that in a limited sense we can.

The most important fact concerning a star is its mass. It is measured in units
of the mass of the sun, (3, which is 2 x 10" gm: stars with masses very much less
than, or very much more than, the mass of the sun are relatively infrequent. The
current theories of stellar structure and stellar evolution derive their successes
largely from the fact that the following combination of the dimensions of a mass
provides a correct measure of stellar masses

he 2 1 .
(E) F=29AEO, (3)

where G is the constant of gravitation and H is the mass of the hydrogen atom.
In the first half of the lecture, 1 shall essentially be concerned with the question:
how does this come about?




Obecna teorie relativity

prub¢hu svého pobytu v Praze Einstein zacal pracovat nad problematikou
OTR, pro¢ by méla existovat privilegovana soustava souradnic spojena s
rovnoméern¢ primocare se pohybujicimi soustavami?

Fyzikalni zakony musi byt stejn¢ ve vSech v libovolné€ se pohybujici
soustave souradnic, tedy 1 v neinercidlnich

r. 1915 dospél Einstein ke spravnému tvaru rovnic obecne teorie
relativity, gravitace popisovana soustavou 10 nelinearnich parcialnich
diferencidlnich rovnic pro 10 potencialu

experimentadlni potvrzeni teorie

I. staCeni perihelia drahy Merkuru

II. zakiiveni drahy svételnych paprsku v gravitaCnim poli Slunce - 7,75 “
III. gravitacni rudy posuv - bily trpaslik Sirtus 1928

II. potvrzeno pri uplnem zatmeni Slunce 1919

Arthur Stanley Eddington 1882-1944 anglicky astrofyzik, zakladatel
cykloturistiky




OTR

Urceni ohybu svételnych paprskit v gravitacnim poli Slunce 7
pozorovani uplného zatmenir. 1919

F. W. Dyson, A. S. Eddington, C. Davison




OTR - Ohyb svételnych paprskii - Slunce
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Klasicka fyzika - ohyb svétla

Nerelativisticky vztah pro ohyb svetla odvodil mnichovsky astronom Johann von
Soldner v praci O odchylce svételneho paprsku od jeho primocareho pohybu v disledku
pritazlivosty télesa, kolem néhoZ blizko prochazi, otisténé v berlinské rocence na rok
1804 [4]. Podle klasické mechaniky ma téleso prilétajici s rychlosti v a srazkovym
parametrem r hyperbolickou drahu a jeho smér letu se pritomnosti télesa hmotnosti M
odchyli o 1ithel & dany vztahem
GM
vir’

t'&
'E'E_

kde G je gravitacni konstanta, coz pri malé hodnoté argumentu — v celé této proble-
matice jde o vteriny nebo jesté tadove mensi ihly — prejde ve vztah

(Na obrazku 1 je Soldneriiv nacrtek. po-

lovina odchylky je zde oznacena jako w
ar—= CA, resp. CB, protoze odchylka a
je velmi maly uhel.) V pripadé svétla
dostaneme .newtonovskou* hodnotu
ohvbu dosazenim v = e¢. Pro paprsky
prochazejici tésné kolem povrehu Slunce
tak vyjde hodnota 0,.85”. Soldner proto

v zaveéru prace pripominé. ze odchylka je
tak mala, ze ,.pri soucasnem stavu prak-
ticke astronomie nevznika potreba brat
v nvahu perturbace svételngyeh paprski

v ditsledku pritazlivosti nebeskych téles”,
a doufa. ze mn nikdo nebude mit za zleé,
Obr. 1. Zména sméru svételného paprsku ze zachazel se svétlem jako s hmotnym
v gravitacnim poli podle J. Soldnera [4]. objektem.




Klasicka fyzika + OTR
Ohyb svételnych paprsku v gravita¢nim poli

Pruchod sveétla gravitacnim polem

d L

lIII
,I

N

Newtonovska gravitace + nehmotne fotony:  «=0
: . : 2GM
Newtonovska gravitace + hmotne fotony: «= 5
-2

_4AGM

Obecna teorie relativity: « ¥
2




OTR gravitaéni rudy posuv - bili trpaslici
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An image of the 20 March 1928 spectroscopic plate of Sirius B obtained by Joseph Moore. The
dispersed ‘stellar’ image 1s the dark vertical central line. The sequence of short horizontal lines
on each side are emission lines from the comparison lamp. Some of the “siellar” lines measured
by Moore can be seen as faint notches in the stellar spectrum, The physical size of the plate is
approximately 22 mm by 34 mm. Courtesy of Lick Observatory.
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OTR gravitacni rudy posuv Sirius B

Sirius B
W. C. Adams 1876 - 1956

W. S. Adams: , The relativity displacement of the spectral
lines in the companion of Sirius’, Proc. Nat. Acad. Sci. 11,

382-387 (1925).

A Stupy oF THE GRAVITATIONAL DISPLACEMENT OF THE
SpPECTRAL LINES 1N THE COMPANION OF SIRIUS

Abstract

Eddington has pointed out that a relativity displacement of
the order of 20 km/sec or about 0.31 angstrom at A4500 would
be expected for the lines in the spectrum of the companion of
Sirius, if we may assume for the star an effective temperature
such as 1s found for other stars of similar spectral type. The
radius of the star would be 19,600 km on this assumption and
the density of the material over 50,000 times that of water.

Spectrograms of the star secured at Mount Wilson have -

been measured by means of the registering microphotometer, as
well as directly. After correction of the results for the lines of
shorter wave-length for the effect of the superposed spectrum
due to the scattered light of Siwrius and for the relative motion
of the two stars, a final value of 421 km/sec or 0.32 angstrom
i1s found for the difference between the lines of the companion
and those of Sirius. This result confirms Eddington’s predic-
tion, both as to the remarkable density of matter in white dwarf
stars and the test of generalized relativity afforded by them.
WALTER S. ApAMmS.

THE OBSERVATORY,

A MONTHLY REVIEW OF ASTRONOMY.

NOVEMBER, 19265. No. 618.

Vor. XLVIII.

The Relativity Displacement of the Spectral Lines in the
Companion of Sirius* .

TR remarkable character of the companion of Sirius and the
almost unigue position it occupies as an object which might be
expected to yield a very large gravitational displacement of the
spectral lines on the theory of generalized relativity has been
discussed in an interesting paper by Eddingtont. In this article
he has shown the extraordinary values of the density of the
material composing the star which would follow as a consequence
of a confirmation of a relativity displacement of the order
predicted.

The possibility of deriving results of such interest for this star
is, of course, due to the fact that it is at the same time a * white
dwarf,” that is, an early type star of very low intrinsic brightness,
and a component of a visual binary system with well-determined
elements. From the elements of its orbit its mass and velocity
relative to the principal star may be derived, and the well-known
parallax of Sirius in combination with the apparent magnitude of
the companion provides a knowledge of its absolute magnitude.
The spectral type of the star is a matter of direct observation,
and results for surface brightness, size, and density follow as




OTR gravitacni rudy posuv Sirius B

W. 8. Adams: ,,The relativity displacement of the spectral
lines in the companion of Sirius”, Proc. Nat. Acad. Sci. 11,

382387 (1925).

Dalsi americky astrofyzik Walter Sydney Adams
(1876-1965) se systematicky zabyval studiem spekt-
ra bilého trpaslika Siria B. V roce 1915 popsal v [20]
jeho vzhled a prokazal, ze jde o bilého trpaslika.
O deset let pozdeji roku 1925 v [21] vylozil posuv
spektralnich car vyvolany gravitatnim rudym po-
suvem. Pouzil ¢aru Hy s laboratorni vinovou délkou
A =4861nmaH s A = 434.0nm. Pomoci kompa-
ratoru nalezl stfedni hodnotu posuvu pro obé &ary

AA =0.032 nm.

Velikost gravita¢niho rudého posuvu vyjadril Adams
pomoci tzv. Lmemahchehﬂ ekvivalentu - rychlosti
v=cAl =21kms™, kde 1 =411 4 lel\an}f vysledek
byl nepresny, z hodnot zlomku -'f‘ =2.9-10" namére-
ného v soucasnosti ¢ini vypocitana velikost rychlosti
piiblizné ¢tyfndsobek, 89 kms™". Adams ve své dobé
neznal pfesné hodnoty charakteristik Siria B. Pocho-
pitelné velikost posuvu 24 =5 je dina vztahem

vyplyvajicim z obecné teorie relativity.




