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1. - Introduction. 

The te rm « astronomical turbulence » m a y be in terpre ted in a var ie ty of 
ways. Fo r the purposes of this paper , it is assumed t h a t this expression is 
equivalent to the t e rm «velocity fields ». Thus this paper will summarize 
our knowledge of (i) t he magni tudes of the velocities occurring in the a tmos
pheres of reasonably stable stars , (ii) the t ime-dependence, and (iii) t he 
directional characterist ics of the velocity fields t h a t exist. Nei ther motions 
in the a tmospheres of explosive variables, nor motions in t he atmospheres 
of strictly periodic variables, nor solar phenomena will be discussed. This 
summary is restr icted to spec t rog raph^ observations of stars t h a t have not 
changed their character radically since they were first observed some fifty 
or sixty years ago. The s tars which are s tudied can hard ly all be classified 
as stable s tars, for changes do occur in their l ight and spect rum, b u t in no 
case are the changes catas t rophic . 

The terminology used to describe the effects of motion in the stellar a tmos
phere on the stellar spect rum has grown u p in a haphaza rd manner . This 
paper a t t e m p t s to present a unified view of t he re levant observations. On 
the whole, t he unsat isfactory current terminology is used so t h a t contact 
m a y be re ta ined wi th the astrophysical l i te ra ture from which the details are 
drawn. I t is doubtful whether any of the velocity fields inferred here and called 
« turbulence » closely resemble the phenomenon known as turbulence in wind 
tunnels . 

I t has become cus tomary to s ta te t h a t the observat ions give information 
abou t the microscopic turbulence and the macroscopic turbulence in stellar a tmos
pheres. This division is essentially a result of the methods of analysis t h a t 
are used. 
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The microscopic turbulent velocity results from curve-of-growth analysis. 
I t is mathemat ica l ly similar to the mos t probable velocity of t he a toms due 
to t he rma l motion. Thus t he microscopic tubu len t velocity field is assumed 
to obey a Gaussian dis t r ibut ion law. The exact meaning of t he microscopic 
tu rbu len t velocity is not clear, though it is a quan t i t y t h a t m a y be obtained 
by simple analytical methods . Often when stellar spectra are analysed, it 
t u rns out t h a t the equivalent wid ths of the spectral lines obey a curve of 
g rowth corresponding to a greater « t h e r m a l » velocity t h a n t h a t appropr ia te 
to t h e t empera tu re indicated b y the degree of exci tat ion to t h e various levels 
in t h e a tom. The difference be tween t h e observed velocity a n d t h a t corre
sponding to the excitat ion t empera tu re is called microscopic turbulence . 

The t e rm macroscopic turbulence covers all irregular, non-periodic motions 
of t he a toms in a stellar a tmosphere which are detected b y means other than 
t h e curve of growth. The macroscopic velocity field is detected from the 
shapes of the spectral lines, from occasional line doubling, and from the occa
sional displacement of spectral lines. The motions detected in these ways 
remain sensibly the same over regions in the stellar a tmosphere which are 
large wi th respect to the distance in which an absorpt ion line is effectively 
formed. 

One of the greatest problems in the s tudy of motions in stellar a tmos
pheres is to find sensitive and significant means of observing these motions 
in adequa te detail . I n order to in te rpre t the results, i t is essential t h a t one 
apprecia te how the observations are made and w h a t observat ions m a y be 
made . 

I n principle one m a y measure t h e following three quant i t ies on any spec
t r o g r a m : (i) the relative intensit ies of the absorption lines in the spectrum 
(ii) t he shapes of the absorpt ion a n d emission lines, and (iii) t he displace
men t s of the spectral lines. I n pract ice meaningful information can be ob
ta ined only by strict a t t en t ion to detail . All d a t a repor ted in this paper 
have been obtained by photographic spect rophotometry . 

l ' l . The relative intensity of absorption lines in a stellar spectrum. - This 
t y p e of d a t a is fairly easy to obta in . The s p e c t r o g r a p h s observat ions mus t 
be m a d e wi th sufficient spectral pu r i t y and resolution to isolate t he lines being 
s tudied from the , often m a n y , o ther lines in the spec t rum, and reliable 
spect rophotometr ic techniques m u s t be used. Experience has shown t h a t a 
l inear dispersion of a t least 10 A / m m is required; a dispersion of the order 
of 4 A / m m is necessary for m a n y purpose. All in tens i ty measurements are 
re la t ive to the apparen t cont inuous spect rum in t he neighbourhood of the 
line, t h e intensi ty of a line being expressed as an equivalent width. Defi
ni t ion of the apparen t cont inuous spec t rum is a subt le problem, for in most 
stellar spectra the absorpt ion lines are very numerous and often overlap. 
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W h e n the spectral lines are broadened, for instance by mot ions of the stellar 
a tmosphere , i t becomes even more difficult to decide upon the level of the 
continuous spectrum. Very weak lines usually cannot be s tudied in detail . 

1*2. The shapes of the absorption and emission lines. - I t is only feasible 
to make measurements of t h e shapes of the spectral lines when the lines 
a re somewhat broadened. Thus it tu rns out t h a t line shapes are a source of 
useful information only for a few br ight stars which have intrinsically wide 
lines of modera te dep th . If t he spectral lines are very wide and very shallow 
li t t le useful information can be obtained because even in t h e best cases t he 
photographic grain causes r a n d o m fluctuations in t he in tens i ty profile of t he 
order of three to five per cent of the continuous spec t rum. Thus if t he 
feature is only 10 to 15 per cent deep a t most , t h e fractional uncer ta in ty in 
t h e profile due to grain is large. I n principle photoelectr ic spectral scanning 
would reduce the uncer ta int ies due to photographic grain, b u t other prac
tical difficulties m a y be encountered due to the faintness of t he stars. A t 
present , high-dispersion photoelectric scanning of stellar spectra is in its in
fancy. 

1*3. The displacements of the spectral lines. - Measurement of the apparen t 
wavelengths of the spectral lines determines a radial , or line-of-sight, velocity. 
If one knows something abou t t he line-of-sight mot ion of t he star, one can 
sometimes separate out motions occurring only in the a tmosphere from the 
motion of the s tar as a whole. I n order to invest igate a tmospher ic motions 
one desires velocities with an uncer ta in ty of 1 to 2 km/s a t most . This 
means determining the positions of the spectral lines (blue-violet region) to 
abou t 0.02 A. A t a l inear dispersion of 10 A / m m it follows t h a t the posi
t ions of the spectral lines mus t be determined to within abou t 0.002 m m 
on the plate . Such accuracy requires excellent techniques of measurement 
and well defined stellar features. At higher dispersion, it is easier to deter
mine velocity changes of 1 or 2 km/s , for t he l inear scale on the spectrogram 
is larger. 

I n summary i t m a y be said t h a t information abou t motions in stellar 
a tmospheres can be obta ined from stellar spectra wi th a l inear dispersion 
of 10 A / m m or be t te r , and t h a t t he spectral pu r i ty of t he spectrograms mus t 
be good. Since only few observatories have spectrographic equipment of the 
necessary power, t he observat ional d a t a t o be summarized h a v e been obtained 
by only a few as t ronomers . I t is unlikely .that this b o d y of d a t a will be 
increased rapidly because each piece of information is t h e result of much 
pains taking labour and few astronomers are engaged in this t ype of work 
a t present . 

Before reviewing in detai l t he da t a t h a t exist, let us consider the factors 
l imiting further progress. On the theoretical side there are difficulties of inter-
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pre ta t ion . Since the s tars are a t great distances, we cannot observe their 
disks, and the light t h a t reaches us is a weighted mean of t he radia t ion emer
ging a t all angles to t h e surface and from various depths in t he a tmosphere . 
Theories of the stellar spec t rum a t t e m p t to tell how the observat ions should 
be inver ted to yield information abou t the stellar a tmosphere , b u t t h e theories 
are in m a n y respects qu i te rud imen ta ry . In a few special cases, t he £ Aurigae 
or 31 Gygni s tars, we can par t ia l ly resolve the angular problem. I n addition 
m u c h purely physical knowledge abou t the interact ion between radia t ion and 
a toms under stellar condit ions is lacking. Our knowledge of /-values, and 
the shape of the line absorpt ion coefficient unde r conditions of collisional 
a n d radiat ion broadening is no t so complete as is necessary. This lack makes 
some interpreta t ions uncer ta in and contradictory. 

On t h e pract ical side, t h e faintness of t he s tars is a severe l imitat ion. 
W e have seen t h a t good spectral pur i ty and a linear dispersion of a t least 
10 A / m m is required to obta in useful information abou t t he motions in stellar 
a tmospheres . This means t h a t t he stars mus t be observed with a large reflec
t ing telescope and a powerful spectrograph. Excep t for t h e br ightes t s tars 
t he exposure t ime can qui te easily a m o u n t to 6 or 8 h. Often a compromise 
is s t ruck by opening t h e slit of the spectrograph fairly wide. This proce
dure , however, m a y th row away useful information. Fu r the rmore a number 
of interest ing br ight s tars are no t accessible from the nor thern hemisphere 
where all act ive powerful spectrographs are located a t present . Most s tars 
have broad ill-defined spectral lines. Since it is only worthwhile to s tudy 
s tars wi th sharp lines a t high dispersion, we are l imited to a few objects, 
no t a lways those t h a t would appear to be most profitable for s tudy . 

Another limiting factor is t h e ear th ' s a tmosphere . This b lanke t permi ts 
observat ions only in certain wave-length regions and frequently only on iso
la ted nights or par t s of n ights . The interstellar med ium also can make the 
observat ion of d is tant objects difficult by d imming the blue-violet l ight and 
b y impressing broad, ill-defined absorpt ion lines over certain spectral regions 
t h a t are of interest . 

Invest igat ions of t he t ime-dependence of the velocity fields in stellar 
a tmospheres are l imited in two ways. 1) Phenomena t h a t occur in periods 
of less t h a n one or two hours canno t be invest igated in detai l a t high dis
persion because, unless t he s tar is very bright , the exposure t ime to obtain 
a spectrogram will be longer t h a n one hour. 2) Changes t h a t occur in pe
riods of 100 to 1000 days cannot be invest igated fully because frequently 
t h e necessary spectrograms were no t obta ined in t h e pas t . There is no way 
of tu rn ing back the clock to s tudy phases t h a t were missed, and there is 
equal ly no way of speeding u p t h e clock to s tudy t h e sequence of events a t 
a r a t e faster t h a n t h a t a t which they actually occur. Pract ical ly , t he t ime-
l imi ta t ion is a powerful factor in determining w h a t observat ions are made . 
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2. - Microscopic turbulence. 

STRUVE and E L V E Y (1934) in an impor t an t paper showed t h a t one could 
obtain an es t imate of t h e motions in stellar a tmospheres from an analysis of the 
equivalent widths ( integrated absorption) of spectral lines. They showed 
t h a t a velocity field, in t h e stellar a tmosphere would change the shape of the 
curve of growth, effectively prolonging the port ion for which the equivalent 
width of the line varies directly as the abundance and lifting the so-called 
transi t ion pa r t of t he curve of growth. The appa ren t result of increased, 
randomly directed velocities of the a toms on stellar spectra is to make the 
intrinsically s t rong lines more intense relative to the intrinsically weak lines. 
The results obta ined by STRUVE and E L V E Y are consistent with later work. 
Only the results concerning 17 Leporis should be considered with reserve. 
STRUVE and E L V E Y realized t h a t 17 Leporis is a shell s tar . F u r t h e r obser
vations have shown t h a t the basic picture of a stellar a tmosphere t h a t under
lies the me thod of curve-of-growth analysis does not describe the a tmos
phere of this s tar well. 

Turbulent velocities have been derived by curve-of-growth methods for 
some 100 stars . A port ion of this da t a has been summarized by WRIGHT (1955a). 
F u r t h e r da t a m a y be found in the l i terature , par t icular ly in papers concerned 
with abundances of the elements. The results to da te are summarized in 
Table I . 

T A B L E I. - Velocities from curve-of-growth analysis. 

. ^ ^ Microscopic tur-
1 x ' Type of object bulent velocity 
' stars ' /1 

(km/s) 

24 Population I: luminosity classes IV and V 1 -^3 
I 43 » luminosity classes II and III 2-^6 
! 25 I » luminosity classes la and lb 2-^20 
j 4 j Metallic line stars 4 
I 2 j ' Magnetic stars 2—5 

4 T Tauri stars 3 - f4 
2 , j Subdwarfs 1 
5 i Population II stars 4 

At this point a few words should perhaps be in terpola ted to inform the 
non-astronomer on the terminology of Table I . Stars are classified according 
to the general appearance of their spectra ( that is according to spectral type) , 
and according to other propert ies such as their position in space and their 
space motion. Popula t ion I stars are the common stars which make up the 
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spiral a rms in the vicinity of t he sun. Popula t ion I I s tars are s tars having 
a radically different space motion. They are believed to compose t he bulge 
of t h e galaxy and to be scat tered th in ly a round t h e ga laxy in a halo. Much 
evidence suggests t h a t these stars are older t h a n Popula t ion I s tars . The 
metal l ic line stars are s tars in which the absorpt ion lines from the ionized 
and neu t ra l metals are unusual ly s t rong in comparison to t he hydrogen lines. 
Magnet ic stars are stars which are known to possess s t rong magnet ic fields. 
No tes t for magnet ic field is k n o w n t h a t can be used for all s tars , t h u s there 
is no information about t h e presence or absence of a magnet ic field for most 
s tars . The T Tauri s tars are comparat ively cool, irregularily var iable s tars 
which have a spectrum containing emission lines like those of T Tauri. I t is 
suspected t h a t these s tars are very young, and t h a t they are still in the 
cont rac t ing stage. Subdwarfs are stars about one magn i tude fainter t han 
normal stars of the same spectral t ype . 

A system of spectral classification (see, for ins tance, K E E N A N a n d MOR
GAN , 1951) has been developed for t he common, Popula t ion I s tars . Each 
gross t ype is denoted b y a let ter . The gross types are subdivided into some
t imes as m a n y as ten subtypes which are indicated t h u s : B l , B2, B5 . The 
spectral t ype classification is essentially a classification according to temper
a tu re , t h e spectral classes being ar ranged as in t he following tabula t ion . 
The B l stars are hot te r t h a n t h e B2 stars, t he B2 stars ho t t e r t h a n the B5 
stars , and so on. The average speed of a hydrogen a t o m a t these various 

Approximate temperature Average velocity 
Spectral type in the atmosphere of H atoms 

(°K) (km/s) 

0 2 8 0 C 0 to 4 0 ( ( 0 21 .4 to 25.7 
B 1 1 8 1 0 to 2 5 A 0 14.0 to 2 0 . 3 
A 8 1C0 to 11CC0 11.6 to 13.5 
F 6CC0 to 7 6 0 | 10.0 to 11.2 
G 1 5 ( ( 0 to 5 8C0 I 9.1 to 9.8 
K | 4CC0 to 5 ( 0 0 | 8.1 to 9.1 
M I 2 6 0 to 3 6C0 6.6 to 7.7 

t empera tu res is listed as a convenient reference wi th which t o compare the 
velocities of Table I . Stellar a tmospheres are composed p redominan t ly of 
hydrogen. 

W h e n a group of s tars of a given spectral t y p e is examined, i t is found 
t h a t t h e stars do no t all have t h e same absolute br ightness . Because such 
s ta rs all have about t he same surface t empera tu re , th is var ia t ion in intrinsic 
br ightness (which m a y be any th ing from one magni tude t o over t e n magni-

O 
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tudes) is essentially due to differing size. Hence t he origin of the te rms 
subdwarf, dwarf, giant , and supergiant star . This spread in size is reflected 
by a considerable range in pressure in the stellar a tmospheres . I n dwarf stars 
t he pressure is abou t 10 4 d y n / c m 2 , in giants it is abou t 10 2 dyn / cm 2 , and in 
supergiants i t m a y be abou t 10 dyn /cm 2 . Stars m a y be separa ted according 
to their intrinsic luminosi ty (size) by carefully observing the relat ive intensi ty 
of certain spectral liries which are pressure sensitive. The Keenan-Morgan 
system makes use of «Luminos i ty Classes » to describe this differentiation. 
The supergiants fall in luminosi ty classes la and 1 6 , t he giants in classes I I 
a n d I I I , t he dwarfs in classes I V and V. W h e n stars are p lo t ted on the 
spectral type-absolute luminosi ty plane, it is found t h a t t he points are no t 
randomly dis tr ibuted, b u t t h a t they fall along certain well-defined sequences. 
Such a plot is called a Her tzsprung-Eusse l d iagram ( H E diagram) after the 
discoverers of this phenomenon. The H E diagram of Popula t ion I s tars is 
different from t h a t of Popula t ion I I stars. One m a y infer t h a t the differ
ences are due to evolution changes (cf. Fig. 1 of DETJTSCH paper , pa r t I I I -C 
for an H E diagram). 

The significance of the numbers in Table I and specially the significance of 
the differences between the individual values included in these means are mat 
ters t h a t require consideration. I n the first place, any sys temat ic errors in 
the equivalent widths will affect the es t imate of the microscopic tu rbulen t 
velocity directly, because this velocity is determined from the difference be
tween the observed ordinate , log W/A, and the theoret ical ordinate , log (WjX)-
-(civ). I t is known t h a t there are sometimes systemat ic differences between 
equivalent widths measured on different spectrograms. I n p a r t these are due 
to differences of in te rpre ta t ion of the stellar spect rum, in pa r t they are due 
to insufficient resolving power of some of the spectrographs used, and in 
pa r t they are due to faul ty calibration of the photographic plates. I t is 
sometimes a delicate task to main ta in a cal ibrat ing device in proper order, 
and it often takes an experienced worker to realize t h a t something is wrong. 
Unfor tunate ly sufficient a t t en t ion has not always been paid to the question 
of whether the cal ibrat ion is good or not . Very few papers devote as much 
as a sentence or two to t he question of whether t he measured equivalent 
widths are wha t they are supposed to be . Pho tomet r i c calibrations are ra the r 
like the li t t le girl in the r h y m e : 

W h e n they are good, they are very, very good, 
B u t when they are bad, they are horr id. 

Secondly, the shape of t he theoretical curve of growth to which the obser
vat ions are fitted is a function of t he model used. Consequently, because 
there is a choice of models, there is a small intrinsic scat ter in the value of 
t he paramete r v t h a t m a y be derived from a given set of da ta . 
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Thirdly, the observed points frequently do not define well a single curve 
of growth owing to uncer ta int ies in t he theoretical abscissa (log gf values), 
and to r a n d o m errors in t h e measured equivalent widths . Usual ly t h e uncer
t a i n t y in t he derived value of logv is a t least ± 0 . 1 . The uncer ta in ty of fit 
m a y be larger in cases such as t he supergiants where i t is qui te doubtful 
whe ther any of the models under ly ing the method of analysis is applicable. 

H U A N G ( 1 9 5 0 , 1 9 5 2 ) has considered some of these points from t h e theo
ret ical point of view. H e concludes t h a t unless the real dis t r ibut ion function 
of t h e eddy velocities is known, t h e meaning of the tu rbu len t velocity de
r ived from the curve of g rowth is uncer ta in . Nevertheless, i t seems probable 
t h a t t h e pa ramete r v does give an order of magni tude es t imate of t he most 
probable velocity differences between a toms in the line of sight. 

The following generalizations appear to be secure. 

1 ) Motions in stellar a tmospheres increase as the luminosi ty of the stars 
increases. I n the supergiants the microscopic tu rbu len t velocity correlates 
wi th t h e excitat ion potent ia l of t h e lower level from which t he line arises. 
The correlation is in t he direction t h a t lines of low exci ta t ion potent ia l 
reflect a larger range of velocity t h a n do lines of high excitat ion. This cor
relat ion was first noticed by W R I G H T ( 1 9 4 7 ) . More recent d a t a on super-
g iant spectra (see for instance A B T , 1 9 5 8 ) confirm this t rend . H U A N G ( 1 9 5 2 ) 
has shown t h a t this behaviour is consistent with the assumpt ion 

tfturi, = v o exp [— OCT] 

where r is t he optical dep th in t h e continuous spect rum and v0 and a are 
constants which vary from s tar to star . Since lines of high excitat ion are 
usual ly formed a t deeper levels in t he a tmosphere t h a n lines of low excita
t ion, this relation suggests t h a t t u rbu len t velocities are less in deep layers. 

2 ) The metallic line s tars , peculiar A s tars, and magnet ic A s tars appear 
to show a somewhat larger microscopic turbulence t h a n do normal s tars of 
similar luminosi ty. E . M. B U R B I D G E and G . E . B U R B I D G E ( 1 9 5 5 ) have inves
t iga ted how much of this increase migh t be due to magnet ic effects. They 
conclude t h a t t he magnet ic broadening would contr ibute abou t 1 km/s . 

3 ) The T Tauri s tars (BONSACK and GREENSTEIN, 1 9 6 0 ) and the Popu
lat ion I I s tars (BURBIDGE a n d B U R B I D G E , 1 9 5 6 ) have r a the r greater micro
scopic turbulence t han main sequence stars of roughly similar spectral types . 

4 ) The subdwarfs show very l i t t le microscopic turbulence. 

H U A N G and STRUVE ( 1 9 5 2 , 1 9 5 5 ) using the concept of large a n d small 
eddies, have introduced methods of analysing high dispersion spectra t h a t 
a t t e m p t to t ake into account the fact t h a t microscopic turbulence chiefly 
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effects the equivalent width of a line while macroscopic turbulence affects 
chiefly the line shape. They note t h a t if one plots the appa ren t half-width 
of the absorption-line profiles as log'DJA (where I)x is the half-width in wave
length units) against the equivalent width as log W/A, one obtains a curve 
of characteristic form. F r o m the displacements necessary in bo th co-ordi
nates to fit the theoretical curve to the observed curve, one m a y est imate 
the most probable velocity of small eddies and the most probable velocity 
of large eddies. They also show t h a t the slope near the origin of a plot of 
line depth against WjX gives information on the contr ibut ion from large and 
small eddies. 

These methods have been applied by H U A N G and STRUVE (1952, 1953, 
1955) to spectra of t he supergiants 6 Canis Majoris (F8Ia) , a Gygni (A2Ia), 
and g Leonis (B1I&); by W E H L A U (1956) to spectra of the double s tar y Leonis, 
both components of which are giant s ta rs ; and by MICZAIKA and W A D E (1958) 
to spectra of the metal l ic line s tar 8 Comae. I n each case it tu rns out t h a t 
the most probable velocity of the small eddies is close to t he value found 
from curve-of-growth studies, and t h a t the most probable velocity of the 
large eddies is not much larger. In the case of d Canis Majoris t he relation
ship between excitat ion potent ia l and microscopic tu rbu len t velocity which 
is found by curve-of-growth analysis is reproduced by these methods . 

The methods of l ine-width and line-depth correlation can only be used 
with spectrograms of the highest dispersion and resolution (about 3 A/mm) 
and then only for stars with intrinsically wide lines. 

3. - Macroscopic turbulence. 

3*1. Generalities. - The concept of macroscopic turbulence has grown 
up in the last 15 years to explain detail observed on m a n y high-dispersion 
spectrograms. However, since few observing programs have been directed 
towards invest igating macroscopic turbulence in detail , t he re levant material 
m u s t be ext rac ted from the results of other investigations. Because of the 
chance, distr ibution of observat ions, one cannot invest igate t he t ime-depend
ence of macroscopic turbulence in as much detail as would seem desirable. 
In wha t follows, the t e rm macroscopic turbulence is t aken to mean all irreg
ular, non-periodic motions in stellar a tmospheres t h a t occur in bodies of 
gas large with respect to the distance in which an absorpt ion line is formed, 
t h a t is, all motions which affect the line shape and position r a the r t han the 
line s t rength and which change from t ime to t ime. 

I mus t apologise to the non-astronomers present for speaking during the 
nex t few minutes in detai l abou t a few selected stars . Only in this way 
can I pu t the d a t a before you. Each s tar has a character of its own, and 
the available information abou t each i l luminates some facet of the problem 
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before us . I have selected stars for which considerable d a t a (much of i t yet 
unpublished) were available to me a t the Dominion Astrophysical Observa
to ry . Other persons would probably p u t other samples before you. However , 
I hope w h a t I do present will give a fair sample of the fields of velocity which 
exist in some stellar a tmospheres . Two things will become clear, (i) Large 
velocities can and do exist in the envelopes of low densi ty gas a round stars, 
(ii) These velocities change from t ime to t ime. The stars which are discussed 
have conspicuous envelopes and conspicuous macroturbulence. Li t t le infor
ma t ion can yet be deduced abou t cases where macroturbulence is no t pro
minent . 

H o w are the motions of a toms in different pa r t s of a stellar a tmosphere 
observed? I n the first place only t he line-of-sight or radial velocity com
ponen t can be measured. This is found b y the first order Doppler effect. The 
t ransverse Doppler effect gives displacements t h a t are too small to be detected 
in stellar spectra. Since, wi th s tars , one receives the l ight from all direc
t ions in one spectrogram, t he possibility of separat ing out certain compo
nen t s of velocity depends upon the relat ive sizes of the intrinsic range of 
velocities which exists a t t he m o m e n t and the effective range in t roduced by 
l imb-darkening and the projection factor. If there is a very skew distri
bu t ion of velocity in the a tmosphere , t he spectral lines m a y become asym
metr ical , shaded to the red or the violet depending upon the direction of 
the velocity field, or the lines m a y become double or even tr iple. Generally 
t he velocity distr ibution is only sufficient to broaden the line in a symme
trical manner . Occasionally asymmetr ica l spectral lines are observed. 

An es t imate of the magni tude of the velocities occurring can be made 
by measur ing the width and shape of the line profiles, and by measur ing 
the displacement of the spectral lines. I n order to conclude t h a t a line is 
displaced, one mus t first know w h a t the apparen t wave-length should be 
when t h e line is not displaced. Since all stars are moving in space, and 
since one does not usually know the stellar velocity a priori, it is no t always 
clear w h a t t he apparen t wave-length of t he undisplaced line should be . When 
the s ta r is a member of a b inary system, one can compute t he line-of-sight 
mot ion of the s tar once t he orbi t is known. Then one can compute the 
appa ren t wave-length of each spectral line a t any phase . A similar case is 
when the s tar is known to belong to a moving cluster or s t ream. Then one 
can assume, with reasonable confidence, t h a t the motion of the s tar is known. 
Any appa ren t depar ture from this value can be credited to a tmospher ic 
mot ions . A weaker condition yet , is to assume t h a t the s tar has a cons tan t 
velocity. Then any apparen t fluctuation in this velocity m a y be a t t r ibu ted 
t o a tmospher ic motions. I t is difficult a t t imes to decide be tween per turba
tions in t he s tar ' s motion due to membership in a b inary system and fluc
tua t ions in radial velocity due t o a tmospher ic motions. 
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Ordinary main-sequence stars do not have observable ex tended a tmospheres . 
W e shall be concerned chiefly wi th supergiant s tars and ear ly- type s tars 
which are surrounded b y ex tended atmospheres or shells. I t is wise to recall 
t h a t if we could only observe t h e in tegra ted light from the sun, for example 
as i t is reflected from the moon, we would know very l i t t le abou t motions 
in t h e outer a tmosphere of t he sun. There is no t enough mater ia l in the 
chromosphere and the corona for these par t s of the solar a tmosphere to 
cont r ibute much to t he in tegra ted spectrum. The same is t rue for most main-
sequence stars. Our knowledge of motions in t he a tmospheres of stars is 
severely l imited by t h e means of observation available to us. 

I n general information abou t motions in stellar a tmospheres will be given 
by t h e intrinsically s t rong absorpt ion or emission lines from a b u n d a n t ele
men t s . Eoughly speaking an absorpt ion line is not visible unless there is 
sufficient mater ia l in the line of sight to produce an optical dep th of the 
order of uni ty . Since optical dep th is measured by the produc t of the 
number of a toms in t he line of sight* capable of absorbing the line and the 
a tomic absorption coefficient, it is clear t h a t fewer a toms will form an ob
servable feature when the line is intrinsically s trong t h a n when the line is 
weak. In order to invest igate fully the velocity fields in stellar a tmospheres 
we should like to be able to observe relatively small volumes of gas. This 
can only be done by means of very strong spectral lines. 

I t is certain t h a t conditions of strict local the rmodynamic equilibrium do 
no t exist in all pa r t s of the extended atmospheres where macroscopic tur 
bulence occurs. However , no t enough is known abou t t he interact ions be
tween radiat ion and a toms t h a t occur to make it worth-while to apply any 
detailed theory of line formation a t present . E a t h e r i t is s imply assumed 
t h a t the line profile mimics t he shape of the absorption coefficient and t h a t 
line displacements relate directly to velocities. When the theory of line for
ma t ion (absorption and emission) is sufficiently well unders tood, i t m a y be 
worth-while to go over the observations and sharpen the in terpre ta t ion. 

Suitable spectral lines for revealing macroscopic turbulence in stellar a tmos
pheres are the following: 

in absorption: 

— late- type s t a r s : resonance, lines, par t icular ly of C a l l and Ca I , s trong lines 
from levels of low exci ta t ion in the spectra of F e I , Mn I , Cr I and Ti I I 
chiefly; 

— early-type s ta r s : Ba lmer lines of hydrogen, and lines arising from meta -
stable levels. These include certain H e I lines and m a n y lines of F e I I , 
Or I I , e tc . ; 
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in emission: 

— late- type s ta r s : resonance lines of C a l l , selectively excited lines of low 
excitat ion, Balmer lines of hydrogen ; 

— ear ly- type s ta rs : Balmer lines of hydrogen, par t icular ly HaJ selectively 
excited lines such as C I I I I 5696, N I I I X 4640, and H e I I X 4686. 

3*2. Evidence for macroscopic turbulence in stellar atmospheres. 

3*2.1. S u p e r g i a n t s . - Supergiants of all spectral types are readily recog
nizable by the broad, steep-sided absorption lines in their spectra. The 
supergiant absorption lines are typical ly exp [— x2] in shape wi th a flat 
b o t t o m (peak). Bealization t h a t relatively large motions m a y occur in the 
a tmospheres of supergiants s tems from the observation b y STRUVE (1946) 
t h a t the strong lines in the spec t rum of d Ganis Majoris are wider t h a n 
the weak lines, and t h a t t h e velocity spread corresponding to t he profiles 
of the strong lines is significantly greater t h a n t h a t corresponding to the 
curve of growth. The theoret ical implications of these details were discussed 
by U N S O L D and S T R U V E (1949). Many more observations are now available 
abou t the motions of gas in the a tmospheres of supergiants and other s tars . 
Some of these da t a will be presented. 

All supergiants t h a t have been observed photometr ical ly over any consid
erable period are found to va ry slightly and irregularly in light. Also, the 
radia l velocity of most , i t not all, supergiants varies irregularly by a small 
amoun t . Changes in line shape have been recorded for a few supergiants . 
More changes in line shape migh t be discovered if t he supergiants were ob
served regularly a t very high dispersion (2 to 3 A/mm). Unfor tunate ly such 
an observing program is r a the r impract icable. 

Nearly everyone (see for instance H U A N G (1953), SLETTEBAK (1956), and 
A R T (1958)) who has a t t e m p t e d to in terpre t the line profiles of the super
g ian t s has noted t h a t from the shape of the profiles alone one cannot differ
en t ia te between broadening due to ro ta t ion with an equator ia l velocity of 
some 25 to 50 km/s and macroturbulence wi th a mos t probable velocity of 
t h e order of two-thirds t h e necessary rota t ion. F u r t h e r information is required 
to resolve this difficulty. 

The available information abou t velocities in the a tmospheres of super
giants is summarized in Table I I . The entries in this Table are explained in 
t h e following paragraphs . Unless credit is otherwise given, the mater ia l t h a t 
is presented has been obta ined b y me from spectrograms t aken a t the Do
minion Astrophysical Observa tory by m y colleagues and b y myself. I a m 
grateful for permission to use the extensive body of mater ia l which has been 
assembled a t the Dominion Astrophysical Observatory over the years . W h a t 
is presented here is a mere skimming of the field. 
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T A B L E I I . - Velocities occurring in the atmospheres of supergiants. 

1 i Eadial Shapes of Curve of emis Moving 
i Type velocity absorp growth sion shell and 

of star range tion lines profile or clouds Chief objects studied j 
(km/s) (km/s) (km/s) (km/s) (km/s) 

. . __, 

B la 30 20-^40 15-^301 — 200 — 200 
i 

X2 Ori, 55 Cyg 
B 16 30 2 0 ^ 6 0 15 67 Oph, o Leo 
A la 4-F-20 12^-15 13 ( - 2 0 0 ) , ( ~ 100) oc Cyg 
A lb 1 0 ^ 2 0 5~1 H.R. 8345, H.R. 2874 
F la 4 ^ 2 0 15^-30 2 ^ 2 6 I 6 CMa, e Aur, 89 Her j 
F lb 6-4-20 6 ! 1 a Per 
Klb 7 ^ 1 0 1 0 - 2 0 4 ^ 13 < 100 31 Cyg 
M la 10 F 20 IO-F-:>O ocOri, VVCep 

a) B - t y p e s u p e r g i a n t s . The stars %2 Orionis (B2Ia), 55 Cygni (B3Ia), 
07 Ophiuchi (B5I&), and o Leonis (B1I6), are representa t ive of the early-type 
supergiants. All of the Victoria spectrograms of %2 Orionis, 55 Cygni and 
07 Ophiuchi t h a t have been obtained with resolving power be t te r t han one-
prism were measured for radial velocity. The results are summarized in Table I I I . 

T A B L E I I I . - Summary of radial velocity results for 5 B-type supergiants. 

Star 
No. of 

spectro
grams 

First observation Last observation 

Range 
in radial 
velocity 
(km/s) 

Remark 

X2 Ori 13 1938 Dec. 19 1959 Nov. 16 15 o 
X2 Ori 74 1921 Feb. 20 1941 Jan. 18 30 n 
55 Cyg 52 1959 Aug. 27 1959 Aug. (J 30 c> 
07 Oph 26 1943 July 2 1959 Aug. 6 30 ( 4 > 
H.D. 14134 18 1924 Sept. 12 1952 Nov. 23 29 < 5 ) 
H.D.14143 i 16 ; 1924 Sept. 12 1952 Nov. 23 

! 3 3 < 5 ) 

( x ) F l u c t u a t i o n s r a n d o m a n d large . 
( a ) M o u n t W i l s o n o b s e r v a t i o n s ; large f l u c t u a t i o n s . 
( 3 ) P o s s i b l e dri f t t o m o r e p o s i t i v e v e l o c i t i e s ; large f l u c t u a t i o n s . 
(*) P o s s i b l e v e l o c i t y p e a k in 1 9 4 9 . 
( 5) O n e - p r i s m s p e c t r o g r a m s m e a s u r e d b y R. M. P e t r i e ; large f l u c t u a t i o n s . 

The results of a long series of observations of %2 Orionis b y E . E . WILSON 
a t the Mount Wilson Observatory confirm and expand t h e Victoria results. 
WILSON published his mater ia l only in summary form (WILSON , 1953), b u t 
the manuscr ip t results were most kindly forwarded to m e from the Mount 
Wilson observatory. No a t t e m p t has been made to confirm whether or not 

0 - Supplemenfo al Nvovo Cimento. 
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W I L S O N used the same wave-lengths as those adopted here. Fo r the present 
purpose the exact wave-lengths used are immater ia l — all t h a t is required 
is t h a t t he same wave-lengths be used for all spectrograms of a series. Also 
some observations due to E . M. P E T R I E of two of the B- type supergiants 
in h and % Persei are included. 

The radial velocity of each of these stars fluctuates in an irregular manner , 
t he range being greater t h a n can readily be accounted for by the uncer
ta int ies of measurement . The observations are too scat tered to rule out a 
regular, small-ampli tude var ia t ion wi th a period of 10 to 20 days, b u t such 
a periodic var iat ion does no t seem probable. A survey of all available da ta 
for q Leonis would likely give similar results. These radial-velocity fluctua
tions are most probably due to a tmospher ic motions. 

Conspicuous changes of line shape have not been observed in the blue-
violet p a r t of the spect rum of any of these B- type supergiants . However , 

100 

80h 

6 0 

100| 

£ 801 

6 0 

100 

8 0 

6 0 

4 0 

2 0 

-14 -12 - 1 0 - 8 - 6 - 4 - 2 0 + 2 + 4 +6 +8 +10 +12 +14 & 

Q Leonis B1 lb 

67 Ophiuchi B5Ib 

- 6 0 0 

i Hercuiis B3 EZ" 

J i I i i i i i 
- 4 0 0 - 2 0 0 

J I l I I i I I I l I I i I i 
+ 2 0 0 4 0 0 + 6 0 0 k m / s 

Fig. 1. - Profiles of H^ in the spectra of the B-type supergiants o Leonis and 67 Ophiuchi, 
and in the spectrum of the B-type main-sequence star L Hercuiis. 

t he profile of Ha changes from t ime to t ime in the case of the l a super
giants x 2 Orionis and 55 Cygni. The changes are shown in Figs. 1, 2, and 3, 
which contain all the d a t a available a t t he Dominion Astrophysical Obser-

c 
<M 

https://doi.org/10.1017/S0074180900104413 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900104413


PART I I : GENERAL SUMMARY OF RESULTS E T C S3 

va tory . These line profiles have been smoothed, and a l though the spectral 
pu r i ty (indicated by the length of the projected slit image) is no t so great 
as might be desired, the profiles do give an impression of the changes t h a t 

A A. in A 
- 8 - 6 - 4 - 2 0 +2 + 4 + 6 + 8 - 8 - 6 - 4 - 2 0 +2 +4 + 6 + 8 

100 

8 0 

100 

QOr 1938 dun. 2 3 

x 1 0 0 | 

8 0 
C; A> 

^ 100 

8 0 

100 

8 0 

100 

I l I I i I l I I I i I i I I I i I—I 1 i ! i I I I R i 

* I H a profiles 5 5 Cygni 

1937 Oct. 2 3 

1938 dun. 2 6 

1938 dul. 9 

1 9 3 8 J u / . 16 

8 0 h 1940 dul. 6 

1940 Sept. 2 2 

Projected 
slit width """"*' 1949 5e/tf. 3 

1949 5epf. 7 

1953 II A 

~ " N T * 1959 Jurt. 16 H 

1959 Jw/7. 2 2 H 

i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i 
- 4 0 0 - 2 0 0 0 + 2 0 0 + 4 0 0 - 4 0 0 - 2 0 0 0 + 2 0 0 + 4 0 0 

km/s 

Fig. 2. - Profiles of HM in the spectrum of the supergiant 55 Cygni at various dates. 
It is clear that the emission intensity varies. 

occur a t Ha. Detai l which is only as wide as the slit image, is by no means 
certain. The ups a n d downs have been t raced as it seemed to me they 
appeared on the spec t rograms; b u t the photographic grain is bad. The po
sition of the undisplaced wave-length of Ha was determined b y measuring 
t h e appropr ia te dis tance on t h e tracings from the positions of t he 0 I I lines 
A 6578 and X 6582 which are fairly well defined. 

Fig. 1 displays the purely absorpt ion profile of Hx in 67 Ophiuchi (B5I6) 
a n d in g Leonis (B1I&). These line profiles are w h a t one would expect a 
normal stellar reversing layer to produce when the densi ty is low, as in a 
supergiant . Fo r comparison, the profile of Hx in i Herculis, a B3 main-
sequence star, is also shown. Here the effect of S ta rk broadening is evident. 
These line profiles have no t changed by a detectable a m o u n t during the 
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period of observation, a n d the position of the centre of the absorpt ion dip 
agrees closely with the position projected from the position of t h e neigh
bouring C I I lines. 

1 4 0 

120 

1 0 0 

8 0 

-8A -6 

1953 Mar. 17 

J I I I I I I I J I I I I I I I_ 
- 4 0 0 - 3 0 0 - 2 0 0 -100 k m / s + 1 0 0 + 2 0 0 - 2 0 0 - 1 0 0 

1953 0 c ^ . 2 7 

J I I I I I I L 
+100 + 2 0 0 +300 + 4 0 0 

Projected slit width 

- 4 0 0 - 3 0 0 - 2 0 0 - 1 0 0 | +100 + 2 0 0 + 3 0 0 + 4 0 0 
i — L h J — I — i — I — I — i — I i i I | | i i i i I i i i i i i 
-14A -12 -10 - 8 I I I 

+10 +12 +14 

Fig. 3 . - Profiles of Ha in the spectrum of the supergiant x2 Orionis. The shape and 
the intensity of this line varies from time to time. The projected slit width is 1.5 A 

in each case. 

Fig. 2 displays the profile of Ha in 55 Cygni a t various dates . A t t imes 
only a weak absorption feature is visible; a t t imes there is emission accom
panied b y violet-displaced absorpt ion, t h e emission vary ing in s t rength and 
shape ; a t t imes there is no dist inct feature either in emission or in absorp
t ion. The emission wings m a y extend 200 km/s from t h e centre of t he line. 

Fig . 3 shows t he profile of Hx in x2 Orionis upon three occasions. The 
emission is stronger t h a n in 55 Cygni, and the emission wings ex tend to a t 
least 200 km/s from the centre of t h e line. The shape and s t rength of the 
emission is variable. I t is qui te noticeable t h a t t he posit ion of t he most 
in tense p a r t of t he emission feature shifts. 

These d a t a are barely reliable enough to do more t h a n indicate t he large 
changes t h a t occur in the velocity of t he gas and in t h e q u a n t i t y of gas in 
t h e envelopes a round these s tars . There is no doub t t h a t t h e Ha emission is 
more t h a n 200 km/s wide a t t imes in 55 Cygni and in x2 Orionis. A t o ther 
t imes i t has nearly vanished. These changes in t he shape and s t rength of 
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t h e Ha line in the very luminous stars are almost certainly due to changes 
in t he velocity and densi ty of t he gas a round these s tars . They are no t 
due to S tark effect. I t is qui te possible t h a t corresponding changes migh t 
be detected in the s t rong absorpt ion lines of t he blue-violet spectral region 
were spectrograms of sufficiently high resolution and spectral pu r i ty obtained. 
I t is a significant point t h a t t he Ha line appears to be a normal absorption 
line constant in shape in the lb supergiants 67 Ophiuchi and g Leonis. An 
obvious inference is t h a t t h e ext remely luminous supergiants are surrounded 
b y larger envelopes of moving gas t h a n are the less luminous supergiants . 
Since the absorption component which accompanies the emission feature in 
t h e la s tars is displaced to t h e violet, i t would seem t h a t on t h e average 
t h e gas is moving away from the stellar surface. The emi t t ing volume m u s t 
be qui te large, for t h e emission fills in almost completely the underlying 
absorpt ion Ha profile which would be expected to originate in the stellar 
reversing layer proper. A h in t of this underlying line is seen on t h e spectro
g ram of x2 Orionis ob ta ined November 16, 1959. 

VOIGT (1952) and A L L E R (1956) have a t t emp ted to analyse the spectrum 
of 55 Cygni by curve-of-growth and line-profile methods . A L L E R concludes 
t h a t the curve of growth is inconclusive on tu rbu len t velocity, and t h a t per
haps a macroscopic turbulence of 18 km/s would represent t h e line profiles 
be t te r than the valjie of 36 km/s suggested by VOIGT . All a t t e m p t s t h a t have 
been made to in terpre t the line profiles in the blue-violet p a r t of t he spectrum 
of B- type stars of luminos i ty classes I I , lb, and la have indicated t h a t veloc
ities of the order of 20 to 30 k m / s a t least occur in the a tmospheres of these 
s tars . The profiles in t he spectra of the la s tars m a k e visible much 
larger velocities. GOLDBERG (1939) has made curve-of-growth studies of a 
number of B stars. 

b) A - t y p e s u p e r g i a n t s . The s tar a Cygni (A2Ia) is the A-type 
supergiant which has been studied most , for it is apparen t ly br ight . The 
radial velocity of th is s ta r varies. PADDOCK (1935) a t t h e Lick Observatory 
obta ined m a n y spectrograms in the years 1928-31, and he has published the 
results in detail . The note in t he Lick Eadial Velocity Catalogue (MOORE , 1932) 
summarizes the s i tuat ion succinct ly: «The velocities v a r y from + 6 km/s to 
— 9 km/s in the in terval , b u t the character of the var ia t ion is such t h a t i t 
would be misleading to a t t e m p t to assign an adop ted value for t he velocity 
of this s t a r» . This would be a suitable description of t h e radia l velocity 
results reported above for five B- type supergiants. The m a x i m u m range of 
t he velocity var ia t ion of a Cygni is abou t 15 km/s . I n addi t ion a Cygni is 
known to be a l ight var iable of small range (for references, see A B T , 1957). 
STRUVE and H U A N G (1955) h a v e studied line shapes in t he spec t rum of a Cygni 
from one spectrogram, and t h e y es t imate t h a t t h e most probable velocity 
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of the small eddies is abou t 15 km/s , whereas t h a t of the large eddies is 
greater t h a n or equal to 12 km/s . Curve-of-growth studies (BUSCOMBE , 1951) 
give v equal to 13 km/s . 

The most extensive invest igat ion of A-type supergiants is t h a t b y A B T (1957, 
1958). I n 1956 A B T took spectrograms of 6 la supergiants every night for 
one mon th . He found t h a t each varied in velocity, t he range lying between 
4 a n d 20 km/s . A B T inclined to t he view t h a t t h e var ia t ions were periodic, 
t he characterist ic period being abou t 7 to 9 days . I t is doubtful whether ex
tended observations over several years would confirm this periodicity. I t is 
more probable t h a t t he radia l velocity of each supergiant would continue 
to v a r y irregularly wi th a range somewhat as found b y A B T . These varia
t ions are probably due to a tmospher ic motions, for A B T finds differences in 
t he velocity derived from lines of different ionic spectra and from hydrogen. 
The ranges exhibited b y the A- type supergiants are slightly smaller t han 
those found for t he B - t y p e supergiants . A B T (1958) gives information abou t 
line shapes in the spectra of some Alb and Fib supergiants . 

B E A L S (1951) has no ted t h a t emission appears a t Ha in the spectrum 
of a Cygni accompanied b y a violet-displaced absorpt ion feature. The emission 
feature seems to be var iable in intensi ty , b u t no quan t i t a t ive da t a exist a t 
present . An inspection of t h e Victoria spectrograms gives t he impression t h a t 
t he emission feature is qui te wide, the emission perhaps ex tend ing 100 km/s 
from the undisplaced centre of t he line. 

c) F a n d G - t y p e s u p e r g i a n t s . The supergiant d Canis Majoris 
(F8Ia) is the first s tar for which the effects of macroscopic turbulence were 
recognized. STRUVE (1946) noted t h a t the profiles of t h e strongest lines had 
shapes suggesting a most probable velocity near 30 km/s , while the curve of 
growth is consistent only with a velocity of the order of 5 km/s . The radial 
velocity observations of this s tar (CAMPBELL and MOORE , 1928) indicate a 
probable slow variat ion wi th a range of abou t 6 km/s . A B T (1957) found 
no significant variat ion dur ing the short period of his observat ions. A B T ob
served 3 other F- type supergiants for radial-velocity and he finds t h a t radial-
velocity fluctuations occur in a m a t t e r of days , t he range being abou t 4 km/s . 

Much a t ten t ion has been directed to the FOIa supergiant s Aurigae. This 
s ta r is t h e br ighter component of an eclipsing system which has a period of 
some 27 years . Near conjunction, when t h e fainter s ta r is moving in front 
of t h e F - t y p e supergiant , ex t ra , relat ively sharp F - t y p e lines are observed 
in t h e spectrum. These components occasionally are double or tr iple. Al
though there is no unanimous in terpre ta t ion of t he s Aurigae sys tem, quite 
plausible a rguments m a y be advanced t h a t the companion is a Be star . 
However , we do not wish to digress upon the fascinating peculiarities of e Au
rigae. The detailed work on this supergiant has shown the following facts 
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re levant to the present discussion: 

1) Irregular fluctuations, which are probably due to a tmospher ic mo
tions, occur in the radia l velocity of this star. The range is some 10 to 15 km/s 
and there are indications t h a t lines from different ions give different veloc
ities, t h a t is, t h a t there is a velocity gradient th rough the a tmosphere . 

2) The light of< e Aurigae varies irregularly by abou t 0.2 mag, quite 
a p a r t from the light changes due to the eclipse. 

3) The line profiles of the F - type supergiant change in shape from t ime 
to t ime. This behaviour was first noticed b y W R I G H T (1955ft) and it is very 
apparen t on Wrigh t ' s most recent series of high dispersion spectrograms. The 
most probable cause of these changes is change in t he velocity field of the 
a tmosphere . 

In order to obta in a quan t i t a t ive measure of the changes in line shape 
t h a t occur, and thus to es t imate the changes in the velocity field, I meas
ured the profile of Mg I I A4481 on a series of in tensi ty tracings of spectro
g rams obtained by W R I G H T between November 16, 1956 and May 15, 1957. 
During this period, the s tar was coming out of eclipse, and ex t ra compo
nents were visible a t some lines. However, an ex t ra component does not 
appear for Mg I I A4481 because the lower level of this line is no t metas table . 
Therefore, the shape of A4481 reflects the dis t r ibut ion of velocities in the 
stellar a tmosphere and not a tmospheric effects associated with the eclipse. 
The shape of the profile was determined by fitting it to a Voigt profile (VAN 
D E HIILST and E E E S I N C K , 1947). I t tu rns out t h a t the pa ramete r fa which 
represents the dispersion pa r t of the profile is small and of li t t le importance. 
Effectively, t he line is fitted to a curve of t he form exp [— (AA//82)2]. The 
resulting values of fa are shown in Fig. 4, p lo t ted against t ime. The para
meter fa is expressed in km/s . I t is obvious t h a t fa varies from over 100 km/s 
to somewhat less t h a n 70 km/s in a few days. This means t h a t the apparen t 
halfwidth of the profile changes by some 30 km/s in a qui te irregular manner . 
The line a t no t imes has extensive wings. (The Mg I I A4481 line is a na tu ra l 
doublet of 0.2 A separat ion and i t is no t qui te resolved on the present spec
t rograms. The tu rbu len t broadening to which the observat ions refer is super
posed on the na tu ra l doubling). 

Somewhat similar changes of line shape have been observed for 89 Her-
culis, an F 2 I a supergiant (BOHM-VITENSE , 1956). The light (WORLEY , 1956) 
and radial velocity of this s tar vary , the range of the radia l velocity being 
20 km/s . 

Another very luminous star, q Cassiopeiae, shows re la ted spectral changes 
(BIDELMAN and M C K E L L A R , 1957). The light of this s ta r has recently changed 
by two magni tudes , and the spectral type has changed from F8I« to some-

o 
r» a* 
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th ing like G8Ia. A t present m a n y of the lines of this s tar are double, t he 
ex t ra component being displaced some 35 km/s to t he violet of the component 
due to the normal reversing layer. P resumably this s tar is ejecting mater ia l , 

J.D.2435800 5 820 5840 5860 5880 5900 5920 5940 5960 5980 

Fig. 4. - The variation of line width in the spectrum of e Aurigae. The parameter fj2 

measures the apparent width of the unresolved doublet Mg II A 4481. 

for considerable evidence point ing to an extensive shell exists. A t all t imes 
t he spectral lines of q Gassiopeiae have the appearence considered to be char
acterist ic of large « macroturbulence ». 

d) K - t y p e s u p e r g i a n t s . The K- type supergiant for which we have 
the mos t detailed knowledge of a tmospher ic phenomena is 31 Gygni, K3I&. 
This s tar is the pr imary component of an eclipsing system, the secondary 
of which is a B3V star. This system is part icularly valuable because, as 
the B s tar passes behind the K star , t he light from the B s tar probes the 
extensive supergiant a tmosphere . A sketch of the system is shown in Fig. 5. 

Oct. 13 

1951,0ec.31 

Early 1 9 5 4 

Aug. II 

June 1,1951 

t 
Early 1949 

Fig. 5. - The eclipsing system 31 Cygni. The extended atmosphere of the K-type 
supergiant is shown as a shaded area. The disk of the K star is drawn as a black 
circle. The B-type star is shown by a small dot. Chromospheric absorption lines are 

observed as the B star moves behind the atmosphere of the K star. 

E x t r a absorpt ion lines appear in t he composite spect rum as to ta l i ty approaches, 
t he s t rengths and shapes of which reflect the properties of t h a t p a r t of t h e 
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K- type a tmosphere which is projected on the disk of the B s tar . Analysis 
of the displacements, shapes, and intensities of these so-called chromospheric 
lines gives some indicat ion of the physical properties of the K - t y p e a tmos
phere, part icular ly of t he var ia t ion of the densi ty and velocity fields with height 
above the l imb of t h e K s tar . The complete a tmospher ic eclipse takes some 
8 0 days, the daily motion of the B s tar being 3 . 8 7 • 1 0 6 k m . Thus 31 Cygni 
is one case where a fairly reliable linear scale m a y be inferred for a super
giant a tmosphere . Ex tens ive observations have been m a d e a t the Dominion 
Astrophysical Observa tory and elsewhere; detailed accounts of the system 
are given b y M C K E L L A R and P E T R I E ( 1 9 5 9 ) , M C K E L L A R , ALLER, ODGERS, 

and RICHARDSON ( 1 9 5 9 ) , W R I G H T and L E E ( 1 9 5 9 ) , and W R I G H T ( 1 9 5 9 ) . 

When the B s tar begins to go behind the a tmosphere of the K star, the 
intrinsically strong H and K lines of Ca I I form the first chromospheric com
ponents to appear . These absorpt ion lines s t rengthen as the projected po
sition of the B s tar gets closer ot the l imb of the K s tar . At t imes several 
absorption components due to C a l l H and K are seen. These absorption 
lines provide unmis takab le evidence t h a t bodies of gas moving with discrete 
velocities exist in supergiant a tmospheres . These « clouds » are observed to 
have relative velocities in the line of sight of up to 1 0 0 km/s , and the dimen
sions of the clouds are abou t 1 0 7 k m . Near the l imb of the K s tar , a t about 
3 days or 1 2 • 1 0 6 k m out, t he density of the K - t y p e a tmosphere suddenly 
increases and m a n y lines of F e I , Ti I I , etc. appear as chromospheric com
ponents . 

The apparen t wave-lengths of the Ca I I chromospheric lines indicate erratic 
depar tures from the orbi ta l radial velocity. These depar tures are probably 
due to atmospheric motions. The range is 7 km/s . 

The shapes of the line profiles of the chromospheric 1 components may be 
fitted best by a most probable tu rbu len t velocity of 2 0 km/s in the inner chro
mosphere, and by a most probable tu rbulen t velocity of 1 0 km/s in the outer 
chromosphere. 

WRIGHT ( 1 9 5 9 ) has m a d e curve-of-growth analyses of the chromospheric 
spectrum. H e derives microscopic tu rbu len t velocities of 4 to 1 3 km/s from 
lines of Ca I , Sc I I , Ti I , Ti I I , F e I , Co I , and M I . The results are effec
t ively the same for neu t ra l and ionized a toms. The results are most com
prehensive for F e I where the curve of growth indicates t h a t the microscopic 
tu rbu len t velocity is abou t 7 to 8 km/s in the inner chromosphere (within 
3 days of to ta l i ty) , b u t beyond 5 days the value increases to 1 2 km/s . This 
analysis gives an « exci tat ion t empera tu re » increasing outwards from 2 7 5 0 ° 
a t the l imb to 5 5 0 0 ° a t 1 8 . 7 days out ( 6 9 - 1 0 6 km) . 

F a i n t emission lines due to Ca I I H and K appear in the bo t toms of the 
strong stellar Ca I I H and K absorption lines in t he spectra of most, if not 
all, G and K - t y p e s tars . O. C. W I L S O N and V A I N U BAPPT; ( 1 9 5 6 ) made the 

https://doi.org/10.1017/S0074180900104413 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900104413


1)0 A. B . U N D E R H I L L 

first sys temat ic observations of these features. They no ted t h a t t h e apparen t 
wid th of the emission lines correlates directly wi th luminosi ty . The emission 
features are widest in the most luminous stars . P resumab ly this correlation, 
which affords a convenient, empirical means of es t imat ing the luminosi ty of 
G- and K - t y p e stars, is a manifestat ion of the velocity fields present in G-
and K - t y p e atmospheres. 

e) M - t y p e s u p e r g i a n t s . Supergiant M-type stars have extremely 
ex tended atmospheres . I t is no t unusua l for the d iameter of an M-type 
supergiant to be one thousand t imes t h a t of the sun. Consequently, the grav
i ta t ional control of the gas in these a tmospheres is small , and large scale, 
i rregular motions can develop. The radial velocities of a few M-type super
giants have been observed in detai l , and in each case large r a n d o m irregu
larities occur, the range being abou t 10 to 20 km/s . The line profiles are 
b road and steep-sided. On spectrograms of the highest dispersion m a n y 
spectral lines appear double. P a r t of t he doubling is due to t he occurrence 
of emission components in the centres of strong lines, b u t pa r t seems to be 
due to a tmospheric motions. I n addi t ion, certain sharp, displaced absorption 
lines appear . These lines m a y be a t t r ibu ted to absorpt ion in a very low 
densi ty shell of gas surrounding the whole system and expanding from the star. 

High-dispersion spectrograms of the eclipsing system VV Cephei, which 
consists of an M2 supergiant and Be star, and which forms a system geo
metrically similar to the 31 Cygni system, reveal detai l generally similar t a 
t h a t observed for 31 Cygni. Thus , ext ra chromospheric lines are observed 
as t he Be s tar begins to go behind the vas t M-type a tmosphere . These chro
mospheric lines indicate t h a t discrete clouds probably occur ,in the M-type 
a tmosphere and t h a t these clouds m a y have relat ive velocities as high as 
50 km/s . Also a circum-system envelope expanding a t a r a te of abou t 20 km/s 
is observed. The period of the VV Cephei system is 20.3 years and to ta l i ty 
lasts some 450 days. Spectroscopic effects as the Be s tar passes behind the 
M-type a tmosphere are visible a t least a year before and a year after to ta l i ty . 
The to t a l phases of the la tes t eclipse commenced abou t J u l y 28, 1956 and 
t h e s tars are now separat ing. Brief descriptions of t he spectroscopic pecu
liarities t h a t occur are given by W R I G H T and M C K E L L A R (1956) and by 
M C K E L L A R , WRIGHT , and FRANCIS (1957). These authors also list references 
to earlier work from low dispersion spectrograms. There seems li t t le doubt 
t h a t velocities as high as 50 km/s occur in the a tmosphere of t h e M-type 
supergiant . 

3*2.2. M a i n - s e q u e n c e s t a r s . - Macroscopic turbulence is observed in 
the extensive envelopes or shells surrounding a few ear ly- type main-sequence 
.stars. Most ordinary, dwarf or main-sequence stars are no t sur rounded b y 
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observable shells, t hus the da t a to be summarized now are characterist ic only 
of a small fraction of the stellar populat ion. Many main-sequence stars m a y 
have outer a tmospheres similar to the solar chromosphere and corona, b u t 
a t present there is no me thod of observing envelopes which contain little 
material . 

The profile of Ha is one of the most sensitive indicators of the velocity 
fields in the envelopes a round early-type stars, for Ha\& an intrinsically strong-
spectral line from an a b u n d a n t element. Even though the fraction of neutra l 
hydrogen lies in t h e range 10~ 3 to 10~ 6 over much of a B- type shell, there 
are still enough a toms emi t t ing and absorbing the Balmer lines to make the 
hydrogen lines sensitive probes of physical conditions in the shells. 

When one is concerned with a low-density extensive a tmosphere around 
a star, a spectral line will appear in emission if the shell is t r ansparen t to 
radiat ion from the neighbouring continuous spec t rum, b u t opaque to line 
radiat ion, and if the shell is considerably bigger t h a n t he star . A few spectral 
lines are selectively excited in emission by special processes involving unob-
servable, s trong emission lines in the ex t reme ul traviolet . 

The available information about velocities in the extended atmospheres 
surrounding some main-sequence stars is summarized in Table IV. The va
rious i tems are explained in the following paragraphs . 

T A B L E I V . - Velocities occurring in the extended atmospheres around main-sequence stars. 

Radial Shape of; S h a p e o f Expanding 
Type of velocity absorp- j e m i g g i o n l i n e s s h e l l

 :

 c h i e f objects studied 
star range tion lines k m / k m / 

(km/s) (km/s) , 

Be 200-f- 400 pCMi, rt Tan, x Dra
ft shell 10 to 80 50 600 - f -1100 > 48 Lib, t Tan 
Of 30 100-^-1500 ? 9 Sge 
WC 30 ! 700-^1000 1 2C0 H.I). 192103 
WN 30 \ 1 0 0 0 - r 1500 1 400 H D . 192163 

a) B e s t a r s a n d B - t y p e s h e l l s t a r s . When emission lines of hy
drogen are observed superimposed on a B- type spect rum, the s tar is called 
a Be star. If in addi t ion ex t ra absorption lines (which usually mimic an 
A-type supergiant spectrum) are observed, the s tar is called a B- type shell 
s tar . A shell s tar appears to be similar to a Be star , t he outer envelope, 
or shell, merely being larger and containing more mater ia l . These outer enve
lopes are frequently t empora ry features. Some stars have been observed to 
vary from B to Be, to shell s tar in less t h a n 50 years . Many spectra have 
been taken of a few bright shell stars, and each series of observations usually 
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gives ample evidence t h a t the mater ia l in the shell is moving wi th velocities 
of t en to several hundred ki lometers per second. The mot ion is largely directed 
ou twards . Gradients of velocity sometimes exist in a shell. This is indicated 

by the observat ion t h a t some-
200| 1 1 1 1 1 1 1 1 t imes t h e absorpt ion lines are 

asymmetr ical , and b y Merrill's 
discovery t h a t in some stars 
the velocity shown b y a high 
member of the Ba lmer series, 
say # 2 5 , is more negat ive t h a n 
t h a t shown b y an early mem
ber of the series, say Hy. Usu
ally the « Balmer progression »,. 
as this phenomenon of chang
ing velocity with series mem
ber is called, is such to indi
cate t h a t t he inner layers of the 
shell are moving ou twards more 
rapidly t h a n the outer layers. 
MERRILL has observed one or 
two reversed Balmer progres
sions, b u t in these cases t he ve
locity spread is never so large 
as when the motion is predom
inant ly ou twards . 

Profiles of Hx and Hfi in 
the Be stars /? Canis Minoris, 
rj Tauri and x Draconis are 
shown in Figs. 6 a n d 7. The 
width of the Ha emission profile 

is abou t the same as t h a t of t he Hp emission profile. A few a toms appear 
to have velocities u p to 400 km/s though most of the emission occurs within 
200 km/s of the line centre. Figs . 8 and 9 present line profiles of and Hp 
in the spectra of t he shell s tars 48 Librae and f Tauri. Two poin ts are 
significant: (i) the emission is much wider and s t ronger in the shell stars 
t h a n in t he Be stars , a n d (ii) t he ex t en t of the wings in shell s tars suggest 
velocities approaching 1000 km/s . I t is not certain whether the ex t en t of 
t h e emission line profile in shell spectra is due solely t o t h e velocity field, 
or whe ther i t is part ial ly due to abundance broadening (radiation broadening 
wings). I t is qui te unlikely t h a t S t a rk broadening is significant a t t h e esti
m a t e d densi ty of shells, 1 0 1 1 par t ic les /cm 3 . Significant changes in t h e veloci ty 
fields in shells usually occur slowly. Very rapid changes, in periods of t h e 

- 6 0 0 km/s 

Fig. 6. - Profiles of Ha and Hp in the spectra 
of the Be stars ft Canis Minoris and r\ Tauri. In 
these stars, the width of the HK emission is about 
the same as that of the Hp emission on a veloc

ity scale. 
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order of a day, are no t common. 
Some shells appear to be stat ion
ary, undergoing no change for 
years ; others v a r y in a quasi -
periodic manner . F o r a summary 
of further details of shell spectra, 
see UNDERSELL (l<959a). The 

underlying B- type s tar is ro ta t ing 
rapidly in all cases which show 
strong shell spectra. 

The radial velocity fluctua
tions of shell s tars are usually in 
the range 10 to 20 km/s b u t out
ward directed velocities of 70 to 
80 km/s are observed a t t imes in 
the shell of 48 Librae, to give one 
example. 

The shapes, s t rengths and dis
placements of the relat ively sharp « i o n is 

absorption shell lines reflect the 
changing densi ty and velocity 
fields of t h a t pa r t of the shell which is 
star. However, since the emission lines 

Fig. 7. 
of the 

- 2 0 0 0 + 2 0 0 

+ 2 0 0 +400 +600 km/s 

- Profiles of Ha and Hp in the spectrum 
Be star x Draconis. Here the H^ emis-
more intense and it is wider than the 

Hq emission. 

projected against t he disk of the 
arise from the whole of the opti

cally th in a tmosphere , t he 
profiles of the emission 
lines reflect the overall 
velocity field of the shell. 
I t is interest ing t h a t t h e 
few quan t i t a t ive obser
vat ions t h a t are available 
indicate t h a t t he wings 

Fig. 8. - Profiles of IIa and 
Hp in the spectrum of the 
shell star 48 Librae. Here 
the emission at H^ is much 
stronger and wider than at 
H^ and there is a strong 
self-reversal in each line due 
to the relatively dense mate
rial lying in front of the stel

lar disk. +1000 k m / s 
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i 1 1 r 

J I I I L L I I I I I I 1 
- 1 0 0 0 - 8 0 0 - 6 0 0 - 4 0 0 -200 0 +200 +400 +600 +800 +1000 km/s 

Fig. 9. - Profiles of 11 ̂  and Hp in the spectrum of the shell star £ Tauri. Here 
the emission feature at H^ has very wide wings and the central reversals are not 

so strong as for 48 Librae. 

b) Of s t a r s . The Of stars are stars of type 0 8 and earlier in which 
the lines H e I I A4686, and N I I I A4634-41 appear in emission. These lines m a y 
also appear in emission in t he spectra of the 0 9 supergiants . (They probably 
are excited by selective processes in any low density gas a round an object which 
has an effective t empera tu re greater t h a n about 30000°). Li t t le quan t i t a t ive 
work has been done on Of spectra, for there are few br ight Of s tars accessible 
from t h e nor thern hemisphere. I t would appear t h a t the Of stars are related 
to the Be and B- type shell s tars . E a c h Of star probably consists of a main-
sequence O-type s tar surrounded b y a more or less extensive envelope or shell. 

E . W I L S O N (1957) from detailed s tudy of low dispersion spectra obta ined 
a t t he Ed inburgh Observatory made t h e significant discovery t h a t the emission 
lines in Of stars have wide, low in tens i ty wings extending some 1500 km/s or so 
from t h e line centre. Thus large mot ions occur in the envelopes a round O-type 
s tars . The more intense pa r t s of t he emission lines are relatively narrow, cor
responding in the case of 9 Sagittae, 07f, to a velocity spread of 100 to 

of t he emission Ha profile in 48 Librae remain cons tant in shape, even 
though the local velocity fields revealed by the absorpt ion components change 
by a large amoun t in a few years . An expanding, low densi ty a tmosphere 
wi th local velocity irregularit ies in t he inner more dense sections would 
explain the observations qual i ta t ively. 
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500 km/s (UNDERBILL , 1959C). The radial velocity of 9 Sagittae varies irregu
larly with a range of 30 km/s (UNDERHILL , 1958). 

c) W o l f - E a y e t s t a r s . The spectra of Wolf-Eayet s tars are quite ex t ra 
ordinary in comparison to normal stellar spectra, for they consist of m a n y 
wide, strong emission lines (frequently called bands though they have no th ing 
to do with molecular b a n d spectra) , and a few comparat ively sharp absorption 
components . The level of exci tat ion is very high, the spectra consisting of lines 
of H e I , H e I I , C I I I , C IV, N I I to N V, O I I to O VI , etc, A peculiar selectiv
i ty is apparent , in t h a t when lines of C I I , C I I I , and the spectra from the 
oxygen ions domina te , lines from the spectra of nitrogen ions are weak and vice-
versa. The si tuat ion regarding interpreta t ion is further confused by the fact 
t h a t about half of t he known Wolf-Eayet stars are binaries. One then obtains 
t he spectra of bo th stars superposed. The companion is usually an absorp
tion-line O or B- type star . Since the Wolf-Eayet stars accessible from the 
nor thern hemisphere are faint for observation a t high dispersion, little work 
has been done with a spectral pur i ty sufficient to resolve these complex spectra 
properly. 

The following facts re levant to the present discussion were confirmed by 
a detailed s tudy of t he spectra of H .D . 192103, WC7 and of H . D . 192163, W N 6 , 
(UNDERHLIL , 1959&). These two stars appear to be single. The spectrum of the 
W N star contains lines of a higher level of excitat ion t h a n does t^ie spectrum of 
the WC star. I t was early recognized, from comparison with nova spectra, 
t h a t the shapes of the emission lines in Wolf -Eayet spectra were probably 
determined by the velocity fields in the a tmospheres of these stars , b u t a con
sistent picture was no t developed, par t ly because the in te rpre ta t ion of certain 
key observations was no t clear when the first work was done. In the light of 
present knowledge abou t t he product ion of stellar spectra t he following s ta te
ments probably correctly describe the main features of t he velocity fields 
in the atmospheres of Wolf -Eayet stars. 

1. The velocity fields in the inner, more dense par t s of the a tmosphere 
are randomly directed. I n H . D . 192103 (a Wolf -Eayet s ta r with a spectrum 
of comparat ively low excitat ion), the to ta l half-width of t h e H e I I emission 
lines from the 3-n, 4-n and 5-n series is 1300 k m / s ; in H . D . 192163 (a Wolf-
E a y e t s tar with a spec t rum of relat ively high excitat ion), the to ta l half-width is 
2000 km/s . There is some evidence t h a t self-absorption occurs for the strongest 
H e I I lines. Eela t ively sharp , displaced absorption components are not observed 
for the H e I I lines, t hus t he simple picture of emission and absorpt ion in an 
expanding shell of modera te dimensions is no t adequa te to describe the situa
t ion. A similar conclusion m a y be drawn from the detailed s tudy of the spec
t r u m of V444 Cygni, an eclipsing binary, one component of which is a Wolf-
E a y e t star. 
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2. An expanding shell of low densi ty gas does exist a round Wolf -Eayet 
s ta rs . This shell is a t some distance from the stellar surface, for i t is observable 
only in spectral lines which are enhanced in a low density gas which is i r radiated 
b y a h igh- tempera ture , di lute radia t ion field. Such lines are the H e I lines 
arising from the 2 3 # metas tab le level and from the 2 3 P level, and equivalent 
lines in the spectra of C I I I and N I V which have electronic s t ructures outside 
t he closed Is2 shell similar to t h a t of H e I . These lines appear in absorpt ion, 
and they are the only obvious absorpt ion lines appear ing in the spectra of 
H . D . 192163 and H .D . 192103. The outflow motions made visible in this way 
a re - 1 2 0 0 km/s for H . D . 192103 and - 1 4 0 0 km/s for H . D . 192163. I n t h e cooler 
s tar , H . D . 192103, the C I I I line A5696 appears in emission. The profile of 
this line is wider and more flat-topped t h a n the profiles of the H e I I lines. 
The C I I I A5696 line m a y be selectively excited in a low densi ty gas which 
contains O ions and through which a flux of H e I I A303 is flowing ( U N D E R -
HILL , 1957). The to ta l half-width of A5696 in H . D . 192103 is 1860km/s . Thus it 
seems reasonable to conclude t h a t the profile of A5696 confirms the existence 
of the low density, expanding shell observed by means of t he absorpt ion lines. 
This expanding envelope is in addi t ion to the denser a tmosphere in which most 
of the spectral features are formed. 

So li t t le is unders tood abou t the exci tat ion and product ion of Wolf-Eayet 
spect ra a t the present t ime t h a t no secure guess m a y be m a d e abou t the tem
pera tures of these objects. I t would appear t h a t the radiat ion field corresponds 
to t empera tu re in the range 40 000° to 100 000°. Quali tat ively there is a consid
erable resemblence between the atmospheres and envelopes of Be stars 
(including shell stars), Of s tars and Wolf-Eayet stars and the motions therein. 

d) B i n a r y s t a r s : I n m a n y close b inary systems, par t icular ly those 
containing early-type stars, there is evidence of s t reams of gas enveloping one 
or bo th stars . A considerable body of l i terature exists on this subject. Such 
s t reams of gas m a y be related to the evolut ionary progress of s tars and to prob
lems of mass loss. A brief, qual i ta t ive summary of some of this work has 
been given by STRUVE (1958). F u r t h e r observations of the changing velocity 
field associated with some peculiar systems are summarized b y MERRILL (1958). 
The velocity fields and densi ty of gas shown by these objects are no t unlike 
t he velocity fields and densi ty occurring in the extensive a tmospheres surround
ing supergiants and some main-sequence stars. 

4. - Summary of results and interpretation. 

(i) The largest velocities are observed in the a tmospheres surrounding 
the ho t t es t objects. Thus the widest spectral lines repor ted here are for the 
W N 6 object H . D . 192163, the average velocity of t h e a toms being in the 
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neighbourhood of 1000 km/s . This s tar also exhibits the largest outflow veloc
i ty t h a t was observed, namely — 1400 km/s . The radial velocity fluctua
t ions have a larger range on the average, viz. 30 km/s in the ear ly- type super
giants t h a n in the la ter - type supergiants where the range is 4 to 8 km/s . 

(ii) I t appears t h a t given two objects of approximate ly the same tem
pera ture (as determined from the radiat ion field), larger tu rbu len t velocities 
are observed for the object with the more extensive a tmosphere . Thus a tmos
pheric velocities are greater in the atmospheres of supergiants t h a n in the 
a tmospheres of giant s tars or of dwarf stars. Still larger velocities are ob
served in the shells a round some early- type main-sequence stars t h a n in the 
less extensive a tmospheres of t he ear ly- type supergiants . 

(iii) There is ample evidence t h a t the velocity fields of stellar a tmos
pheres are irregular. The velocity distr ibution changes from place to place 
in t he stellar a tmosphere , witness the mult iple chromospheric Ca I I K lines 
in 31 Cygni and in VV Cephei. I t also changes from t ime to t ime, witness 
t he changes of shape of lines in the spectra of extremely luminous stars 
such as e Aurigae, and the irregular variat ions of the radial velocity of super
g ian ts . 

(iv) Much of the mater ia l in extended atmospheres appears to be mov
ing in r andom directions. However , on the whole there is also evidence 
t h a t a low densi ty shell of gas is s t reaming from most s tars . The expanding 
circumstel lar shells in the la te - type supergiants appear to be moving out
wards with respect to the stellar surface a t speeds of 10 to 20 km/s . In the 
Wolf-Rayet stars the most probable ou tward velocity is greater t h a n 1000 km/s . 
The symmetr ical wings of the Ha emission profile in Be and shell stars may 
be explained by a shell expanding with a velocity of several hundred km/s 
in addit ion to the tu rbu len t velocity field made visible by t he absorption 
lines. The changing Ha emission profiles of the B- type supergiants , and in 
par t icular the violet displacement of the absorption cores also indicate predom
inan t ly ou tward motion. 

(v) I n view of t he simplifications in physical theory t h a t are made in 
t h e theory of the curve of growth so as to obtain representat ions of the situa
t ion t h a t m a y be handled by relatively simple ma themat i ca l methods , i t is 
difficult to decide exact ly w h a t the so-called microscopic tu rbu len t velocities 
mean . Certainly they can represent only a small pa r t of t he velocity field 
t h a t exists, for the Doppler shifts due to large velocities effectively change 
t h e wave-length of t h e spectral line sufficiently t h a t so far as the curve of 
growth is concerned the a toms wi th large velocities do not cont r ibute to the 
absorpt ion line a t all. The observable quant i t ies used to obta in information 
a b o u t large scale motions in stellar a tmospheres , on the whole, reflect prop

er 7 - Supplemento al A7novo Ciment.t. 
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erties of t he a tmosphere a t high levels, far from t h e stellar photosphere . 
The equivalent widths used to form curves of growth, on t h e other hand , 
reflect t he propert ies of in te rmedia te and deep layers of t h e a tmosphere . 
Thus t h e results summarized as « microscopic turbulence » refer to a different 
p a r t of t he a tmosphere , on t h e average, t h a n do those summarized as « ma
croscopic turbulence ». 

(vi) I t has several t imes been noted t h a t if one observes only t h e pro
files of spectral lines of giants and supergiants in t h e blue-violet region a t 
a dispersion of about 1 0 A / m m , one cannot decide be tween ro ta t ion as t h e 
dominan t means of broadening a n d a symmetr ical macroturbulence . SLET-
TEBAK ( 1 9 5 6 ) and A B T ( 1 9 5 8 ) , in part icular , have favoured the hypothesis 
of slow rota t ion. I n fact A B T has a t t e m p t e d to work back from t h e magni
t u d e of this «ro ta t ion » to find t he point on the main sequence from which 
the s tars now observed as supergiants m a y have originated. I see no reason 
compelling one to accept this line of thought . E a t h e r I believe t h a t t h e 
observed broadened profiles of t h e supergiants are due chiefly to large scale, 
r andomly directed motions of the gases in the outer layers of these stars. 
The principle facts suppor t ing this conclusion are ( 1 ) t he r andomly occurring 
changes of line shape which are observed for the most luminous stars when 
thei r spectra are observed a t very high dispersion, and ( 2 ) t he irregular radial 
velocity fluctuations found for all supergiants t h a t have been observed in 
detai l . H U A N G and STRUVE ( 1 9 5 4 ) also came to t he same conclusion on 
stat is t ical grounds. 

I t is clear t h a t most , if no t all, ear ly- type main-sequence stars ro t a t e 
rapidly. I t is far from clear whether the less numerous ear ly- type stars 
hav ing luminosities dist inct ly br ighter t h a n the main sequence ( tha t is, t he 
lb and la supergiants) r o t a t e a t all. I t is certain t h a t large scale motions 
exist in the atmospheres of these s tars . 
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