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You men are strange people � said Amaranta, unable to thinkup anything else. � All your life you fight against priests, butgive prayer-books.G.G. Marquez. A hundred years of solitude. . . a 
ommon foible of those who in the feeling of devotion aredisposed to exaggerate the signifi
an
e of their heroes.Einstein 1953Introdu
tion2The modern density-wave theory of spiral stru
ture in galaxies, sprung inthe 1960s, had long been pre
eded by the theories of Bertil Lindblad. Thosestarted ba
k in the days when Hubble demonstrated that whirlpool nebu-lae reside far outside the Galaxy, and when Jeans 
onveyed an engrossingfeeling of steady spirals ordered by yet unknown for
es.3 Astronomer byedu
ation, Lindblad did not yield to temptation by this imposing obs
urityof for
e, and he headed for a dynami
al spiral theory in terms of ordinarygravitation.4 Right then, this task must have appeared extremely diffi
ult,to be at best a matter of a lifetime of work, sin
e the analyti
al methods ofthe patronizing dis
iplines (hydrodynami
s, statisti
al me
hani
s) were rudi-mentary and gave almost nothing for the stellar-dynami
al resear
h. Stillmore striking was Lindblad's break-through in the field of stellar kinemati
s.By 1927 already he developed the theory of epi
y
les, having shown that astar moving on a nearly 
ir
ular gala
ti
 orbit just os
illates about its meanradius (Lindblad 1926b). The frequen
y κ of su
h os
illations was given bythe relations2Throughout the paper, the itali
ized names in parentheses refer to private 
ommuni-
ations as identified in the note to the list of referen
es.3�Ea
h failure to explain the spiral arms makes it more and more diffi
ult to resist asuspi
ion that the spiral nebulae are the seat of types of for
es entirely unknown to us,for
es whi
h may possibly express novel and unsuspe
ted metri
 properties of spa
e. Thetype of 
onje
ture whi
h presents itself, somewhat insistently, is that the 
entres of thenebulae are of the nature of `singular points', at whi
h matter is poured into our universefrom some other, and entirely extraneous, spatial dimension, so that, to a denizen of ouruniverse, they appear as points at whi
h matter is being 
ontinually 
reated� (Jeans 1929,p.360).4Polemizing with Jeans on the spiral problem, Brown, a 
elestial me
hani
ian fromYale University, defended already its gravitational status. In his mind, star orbits mightat 
ertain 
onditions 
orrelate in shape and orientation so as to reveal a two-armed spiral-like envelope, thus delineating a �visible stru
ture [. . . ℄ due to the greater spa
e densityof visible matter in the neighborhood of the arms than elsewhere�, i.e. a stationary waveof 
ondensation (Brown 1925, p.109-10). Noti
ed though (Jeans 1929; Lindblad 1927
),Brown's work had no per
eptible impa
t. 2



κ/2Ω = (1 −A/Ω)1/2 = cθ/cr (1)in
luding the angular speed Ω, the Oort 
onstant of differential rotation
A ≡ −1/2rdΩ/dr, and the azimuthal-to-radial velo
ity dispersion ratio (Lind-blad 1927b); the values of cθ/cr got remarkably 
lose as 
al
ulated andempiri
ally determined for the solar neighborhood (Lindblad 1929). Theseresults reinfor
ed the stellar-dynami
al foundations and also they gave Lind-blad 
onfiden
e in his sear
h of the origins and me
hanisms of the gala
ti
spiral phenomenon, but, qui
kly re
ognized and instigated by su

ess, hewas taken hostage, then and on, to the epi
y
li
-orbit s
heme.I. LINDBLAD'S ERAThe only result that seems to emerge with some 
learness isthat the spiral arms are permanent features of the nebulae[...℄ perpetuated in stati
 form. Jeans 1929, p.3601.1 From unstable orbits to global wave modesIt is natural that in this field, on whi
h at that time nothingwas ripe for harvesting, he did not immediately find the rightpath. Oort 1967, p.333Though the fa
t of our larger-s
ale universe had begun to emerge throughHubble's work, it was not yet as 
lear on the quantitative side: well ad-van
ed in rank, the `nebulae' still 
ame short of size and mass against ourGalaxy. This was made by the underrated galaxy-distan
e s
ale,5 and thegiant ellipti
als, missing in the Lo
al Group and nearby, got it the most.On the whole, the ellipti
als were found to be one to two orders under thespirals, and the rather enigmati
 barred galaxies were ranged somewhereintermediate (Hubble 1936).5It was not until the early 1950s that the distan
e s
ale was re
onsidered (see Baade1963, Efremov 1989) and the size of the Lo
al Group doubled. Given the shifted zero-pointin the Cepheid-luminosity 
alibration, Hubble's 
onstant was redu
ed, and by the 1960sit fell from its original 550 km/s/Mp
 down to 180 (de Vau
ouleurs) or to 80 (Sandage).This gave a 3-to-7-fold in
rease in distan
e.3



Original absorption-spe
trum methods of dete
ting the galaxy rotationwere sensitive only for bright 
entral regions of 
omparatively 
lose systems,the line in
lination being established integrally, as a quantitative measureof overall uniform rotation. The emission-spe
trum methods, in pra
ti
esin
e the late 1930s, 
ould as well 
at
h the kinemati
s of the rather distantregions in our next-door spirals M31 and M33 (Bab
o
k 1939, Mayall &Aller 1942). Limited and ina

urate though these data were (Fig.1), theytook astronomers by storm and for almost two de
ades then they formed andserved the idea of a standard rotation 
urve. The latter was understandablyprofessed to obey V (r) = ar
/

(1 + br2) and be s
aled so as to 
o-measureits rising part to a live galaxy within its `visible boundary'.6 ,7 And on thebarred spirals it was disarmingly 
lear �with no measurement� at all thatin fa
e of rapid bar destru
tion their rotation was nothing, if not uniform(Ogorodnikov 1958, p.517).Genuinely mat
hed with the empiri
al 
limate were the theoreti
al tastesof the epo
h that followed 
losely Jeans' dire
tive on unified 
osmogony ofgalaxies and stars.8 One relied on the study of gaseous figures; they werediagnosed to be open to evolutive se
ular instability 
reated by dissipationfa
tors a
ting in the steady-motion systems. The latter just �never attain to a
onfiguration in whi
h ordinary [dynami
al℄ instability 
omes into operation�(Jeans 1929, p.199), so that �it is se
ular stability alone whi
h is of interest in
osmogony� (Jeans 1929, p.214)9 . Quite understandably, Lindblad's earlywork lay nearby in the feeling for global evolutionary pro
esses.10 Yet he was6This form of V (r) emerged from the solution of Jeans' problem for an axisymmetri
stationary stellar system with ellipsoidal velo
ity distribution. It greatly en
ouraged workon modeling the three-dimensional gravitational potential and mass distribution in theGalaxy (Parenago 1950, 1952; Kuzmin 1952; Safronov 1952; Idlis 1957).7�Both in M31 and M33 the easily visible spiral arms lie in regions where the rotationdoes not deviate strongly from uniformity. It is remarkable in M31 that outside thenu
leus [. . . ℄ there is another region of nearly uniform rotation� (Weizsa
ker 1951, p.179).Vorontsov-Velyaminov (1972) was still 
onfident that near uniform rotation was the typeadopted by most of spiral galaxies.8The idea of an overall one-time star formation early in the life of our Galaxy hadlong been predominant. In the late 1930s only the hydrogen-to-helium-synthesis energysour
e was proposed. That allowed evaluation of the fuel exhaustion time at a given starluminosity, and its shortness for the blue supergiants � 107 yrs � exhibited star formationas an ongoing pro
ess. This idea gained empiri
al support during the 1940s.9In Jeans' view (Jeans 1929, p.213), as a nebula in uniform rotation shrinks, it alters(augments) density, not angular momentum, running through a one-parameter sequen
eof equilibrium figures. Remarkably, this same sequen
e is followed by a non-
ompressibleliquid body as it enhan
es its momentum. A

ording to Poin
are, this body is se
ularlystable till it is a low-flattening Ma
laurin spheroid. But when some 
riti
al e

entri
ity(momentum) is rea
hed, it looses stability, takes another sequen
e of stable equilibriumfigures � Ja
obi ellipsoids � and then follows it at speedier rotations.10�Now it is obvious from the s
heme as Hubble des
ribed it that he had an impressionor a belief, although he never quite admitted it, that it represented a 
ontinuous sequen
e.But I believe, on the 
ontrary, that Lindblad put his finger on the essen
e of Hubble's4



Figure 1: The rotation 
urve of the galaxy M31 : a � as provided by the late-1930sopti
al data (Bab
o
k 1939), b � as inferred from the mid-1950s radio data (Hulst et al1957).the first, and for more than thirty years almost the only one, who singled outthe spiral problem and treated it as a separate, stellar-dynami
al element inthe general philosophy of galaxies.11Lindblad started from a highly flattened lens of stars in uniform rotation(Ω = const,A = 0 in Eqn (1)) 
reated in the 
ourse of primary evolution(Lindblad 1926a, 1927a). Gravitational potential at its edge 
hanges soabruptly with radius that 
ir
ular orbits there get unstable (κ2 < 0): thoseinside of, but 
lose to, the edge need only a slight individual 
hange in energyin order to be transformed into quasi-asymptoti
 orbits extending very farfrom the `mother system' (the solar neighborhood belongs exa
tly to somesu
h exterior that shows differential rotation obeying relations (1)). Stillstars leave and return to their mother system spontaneously and equiproba-
lassifi
ation when he suggested that it is a series of in
reasing flattening, or in
reasingangular momentum� (Baade 1963, p.16-17).�A

ording to Lindblad's theory, the fully resolved spiral pattern is regarded as anadvan
ed state whi
h all nebulae will eventually rea
h in the 
ourse of their evolution�(Chandrasekhar 1942, p.180).11The trend of this philosophy is sensed through the following refle
tion by Weizsa
ker(1951, p.165): �The evolution of a single obje
t 
an be understood only if its temporal andspatial boundary 
onditions and the external for
es a
ting on it are known. These aredefined by the evolution of the larger system of whi
h the obje
t forms a part. So everysingle problem is likely to lead us ba
k into the problem of the history of the universe�.5



bly in any point on its edge, whi
h is not 
ondu
ive to neat global patterns.But the hit
h is removed upon the admission of either an outside disturberor an overall oval distortion 
aused by fast rotation.12 In both 
ases, two op-posite eje
tion points arise on the edge of the lens after a transitory pro
essand, fixed in spa
e, they pour material out in spiral-looking leading gushes.Turning to intrinsi
 me
hanisms of galaxy stru
tures, Lindblad laid great-est stress upon global modes of disturban
es, 
alled the deformation waves(`un
ompressible' modes) and the density waves (`
ompressible' modes), andsought their unstable solutions (Fig.2).13 Analyzing the effe
ts su
h waveshad on stars on asymptoti
 orbits (Fig.3), he proposed and refined s
enariosof spiral-arm formation in an outer, shearing galaxy envisaged to keep upsomehow the patterns as arranged by a mass of the affe
ted orbits, ratherthan to destroy them (Lindblad 1927a, 1948, 1953).14 ,15
12Cir
ular orbits at the spheroidal edge are unstable for e

entri
ities e1> 0.834, andas the level e2 = 0.953 is a
hieved (3.1:1 axis ratio), dynami
al instability against thetwo-
rest harmoni
 se
torial waves is thrown in, so that the figure gets oval.13�The most important modes of density variation� appear to be of the type of

∼ (r/R)m cos(ωt − mθ) (ω and m being wave frequen
y and azimuthal wavenumber,
R � the lens radius). �The 
onditions for instability have been investigated for the waves
m =1, 2, 3. The greatest interest atta
hes to the wave m =2 be
ause it tends to explainthe formation of barred spirals. The density variation is a

ompanied by the developmentof four whorl motions. [. . . ℄ The disturban
es due to the four whorls on the motionsin a surrounding ring stru
ture [the latter thought of as having been formed previously℄explain in a qualitative way the development of spiral stru
ture� (Lindblad 1962, p.147).14These arti
les provide a reasonable summary of Lindblad's theories prior to 1955.The asymptoti
-spiral theory was thoroughly reviewed by Chandrasekhar (1942), and thewave-mode theory by Zonn & Rudni
ki (1957). See also (Lindblad 1962; Contopoulos1972; Toomre 1977, 1996; Pasha 2000).15In Lindblad's bar-mode theory as it had progressed by the early 1950s (Lindblad &Langebartel 1953), three fa
tors serve for the spiral formation. The first is the tenden
yfor the formation of the rings, one at the galaxy 
enter and one (or several) more in thedistan
e, the bar o

upying the inter-ring region. The se
ond fa
tor is the developmentof two diametri
ally opposed zones of enhan
ed density (see Fig.2). The third one is thein
reased 
entrifugal (radial) motion in these zones. If the bar-forming pro
esses affe
tthe galaxy kinemati
s but weakly, then the motions of distant material lag behind that ofthe main gala
ti
 body, and as the existing radial motions make the outer ring deform andbreak up, it forms the main spiral arms (I and II in Fig.3). Also, the effe
ts of the bar waveshow that material at the bar `tips' has some extra rotation, so that, helped by the radialmotions, it forms the inner spiral arms (VI in Fig.3). If the gala
ti
 angular momentum isabove some 
ertain level, the density wave 
an give no bar, and the deviations from axialsymmetry it 
auses produ
e the appearan
e of ordinary spiral stru
ture.6



Figure 2: The m = 2 wave mode in Lindblad's bar-spiral density wave theory. Twowave maxima and minima are pla
ed along the x and y axes, respe
tfully. These bisym-metri
ally lo
ated maxima and some extra 
on
entration at a galaxy 
enter are to explainthe bar phenomenon. The arrows show systemati
 non
ir
ular motions. (The figure isreprodu
ed from Lindblad & Langebartel 1953)

Figure 3: The formation of spiral stru
ture as envisaged in Lindblad's bar-spiral densitywave theory. (The figure is reprodu
ed from Lindblad & Langebartel 1953)
7



1.2 Gas and dust The diffi
ulty of 
osmogoni
al theories lies in the inter
onne
-tion of the fa
ts. Weizsa
ker 1951, p.165Where a few years ago we seemed to be up against a blank wallof dis
ouragement, we are now in an era of rapidly developingresear
h. Bok & Bok 1957, p.244Stellar dynami
s of the 1940s - early 1950s was essentially the theory ofa stationary galaxy arranged by the regular for
es (see Ogorodnikov 1958)and the theory of quasi-stationary systems open to slow relaxation pro
esses(Ambartsumian 1938; Chandrasekhar 1942, 1943). Together, they provideda basis serving well for getting 
ertain pra
ti
al dividends but still of littleuse for 
on
eiving the underlying dynami
al problems.�While these methods have 
ontributed substantially toward the 
larifi
ationof the pe
uliarly 
hara
teristi
 aspe
ts of stellar dynami
s, an impartial sur-vey of the ground already traversed suggests that we are perhaps still veryfar from having 
onstru
ted an adequate theoreti
al framework in whi
h thephysi
al problems 
an be dis
ussed satisfa
torily. In any 
ase we 
an expe
tthat the near future will see the initiation of further methods of atta
k onthe problems of stellar dynami
s� (Chandrasekhar 1942, p. vii-viii).16The envisaged future did not happen to lie as immediately near, however.The theoreti
al thought kept on whirling around the idea of galaxies evolu-tionarily tra
king over the Hubble diagram, one way or the other, and thatopened in quite a few attempts at a synthesis of the available stri
t knowl-edge about gravitating figures in a softer (then bulkier) spirit of 
osmogoni
alin
lusion.17 A

ordingly, non-stationary � dynami
al � problems of defor-mation of the systems and of density disturban
es in them seemed diffi
ult16�I remember very vividly the atmosphere in the 50's in stellar dynami
s. On the onehand, we had the most general solutions of Liouville's equation by Chandrasekhar. But itwas realized that the self-
onsistent problem required also the solution of Poisson's equa-tion, whi
h was very diffi
ult in general. Thus people were dis
ouraged.� (Contopoulos)17See, e.g., the �Criti
al review of 
osmogoni
al theories prevailing in West Europe andAmeri
a� by S
hatzman (1954). It would be some fuller with an addendum on a theorydeveloped in 1955-56, now in the Soviet Union, by Ogorodnikov. Finding that the worksby Lindblad and Chandrasekhar on 
ollisionless dynami
s �really bar the way to studyingthe laws of evolution of stellar systems�, he suggested a �more promising� � �syntheti
� �hydrodynami
al method with elements of statisti
al me
hani
s (Ogorodnikov 1958, p.20,22), and with this he proved theorems on uniform rotation and nearly 
onstant densityfor �dynami
ally determinable� systems, at their �most probable phase distribution�. Thisenabled Ogorodnikov to start his supposed evolutionary sequen
e with the `needle-shaped'galaxies, or strongly elongated ellipsoids in rotation about their shortest axis. Su
h nee-dles are se
ularly unstable, above all at their long-axis extremities from where �the starsare deta
hed in two winding arms� giving the pi
ture of a typi
al barred spiral galaxy.8



and therefore premature, while stationary problems were held as �naturaland ne
essary� at that preliminary point, for �it is hard to imagine that atall stages the evolution of stellar systems has the violently 
atastrophi
 
har-a
ter� (Ogorodnikov 1958, p.13).18 In this illumination, Lindblad's theoryof unstable bar-modes was typi
ally deemed extravagant and una

eptable(Lebedinski 1954, p. 31).�Su
h theories 
annot yet help the progress of 
osmogony, sin
e un
ertaintyin them still prevails validity� (S
hatzman 1954, p.279).The deli
a
y of this sort of expert judgment � let alone its other virtues �refle
ted 
learly that it was the issue of gas and dust that be
ame a 
ommonfo
us of galaxy astronomy despite its stellar past.19 By the 1950s, Baade dis-
overed in M31 many hundreds of emission nebulosities (HII regions), havingMaterial released during this gradual bar destru
tion feeds a spheri
al halo, while in-side the bar a violent pro
ess of low-velo
ity-dispersion star formation starts, and theseemerging Population I stars uniformly fill the new equilibrium figure � a thin disk-likeMa
laurin spheroid. The remaining diffuse material of the bar (needle) winds up and,being still `frozen' in the disk, forms spiral arms. Due to irregular for
es, Population Iand II stars get mixed, be
ause of whi
h the spiral galaxy 
annot be in equilibrium: itsdisk dies out through dissipation, and a nu
lear remainder drives up an eventual ellipti
algalaxy (Ogorodnikov 1958, p.29).As well illustrative appears Weizsa
ker's theory of galaxies and stars built on a 
on
eptof supersoni
 turbulent motion in the original gaseous mass, the one pi
turing a general�evolutionary trend as far as it does not depend on the spe
ial 
onditions by whi
h galaxies,intragala
ti
 
louds, stars, planets, et
., are distinguished�. The theorist understands therapid flattening of that gaseous mass (in about one period of rotation) as due to the de
ayof its original turbulen
e, and he redu
es its further evolution to some se
ular 
hangesfollowed by a slow loss of the axial rotation of the gala
ti
 systems. In this way, galaxiesof the type of the Magellani
 Clouds or the M31 
ompanions are to be obviously youngerthan the universe, and �ellipti
 galaxies are in a final stage whi
h no longer shows thesort of evolution we 
onsider�. �Thus the large galaxies like our own 
an be as old as theuniverse, without having yet rea
hed their final stage�, the spiral stru
ture being their�most 
onspi
uous semiregular pattern�. Weizsa
ker's judgment on it is twofold. He findshimself in a position to �try to understand spiral stru
ture as a hydrodynami
al effe
t [. . . ℄produ
ed by nonuniform rotation�, noti
ing that any lo
al formation � �
loud formed bythe turbulen
e� � will then be distorted into a segment of a spiral. On the other hand, headmits that �the abundan
e of systems with just two spiral arms is probably 
aused not byturbulen
e but by gravitation�, whi
h is in fair 
orrelation with the presen
e of a bar. Thebar is understood as an elongated equilibrium figure of rotation similar to Ja
obi's liquidellipsoids; it �
an be kinemati
ally stable only if the system rotates uniformly�, i.e. ininner gala
ti
 regions. But just a little way out, the shearing effe
t of differential rotation
omes into play, in order �not to destroy the `bar' entirely but to distort it strongly�,giving it some spiral 
ontours (Weizsa
ker 1951, p.176-179).18Zwi
ky refle
ted on the `
ooperative' effe
ts in gravitating systems (both in stars andgalaxy 
lusters) sin
e the mid-1930s, and he believed that whereas the nu
lei of spiralgalaxies had already rea
hed their equilibrium the spiral arms and interarm regions werestill �transitory 
onfigurations� (Zwi
ky 1957, p.214). He thus did not treat the spiralstru
ture from the natural, for 
olle
tive phenomena, viewpoint of os
illations and wavesin equilibrium media.19�Why do the spirals always show the 
ombination of a disk and a 
entral spheroidalsystem? It must refle
t the original density distribution in gas. [. . . ℄ Can we imagine9




on
luded that �they are strung out like pearls along the arms� (Baade 1963,p.63). Gas and dust, he stated, are also distributed in this galaxy highlyunevenly, grouping in its spiral arms.20 Besides, no one already doubted theyouth of high-luminosity stars sin
e they were as
ertained to still form inabundan
e, e.g. in the Orion nebula. The sheer weight of these individuallyweak fa
ts 
onvin
ed many workers that�the primary phenomenon in the spiral stru
ture is the dust and gas, andthat we 
ould forget about the vain attempts at explaining spiral stru
tureby parti
le dynami
s. It must be understood in terms of gas dynami
s andmagneti
 fields� (Baade 1963, p.67).21The lion's share of these dis
overies was made possible due to the 200-in
hPalomar refle
tor put into operation in 1949, although from 1951 onwardsthe interstellar gas was unpre
edentedly atta
ked also by the 21-
m-linemethods. Dut
h radio astronomers presented �one of the truly histori
 dia-grams of Milky Way resear
h� (Bok & Bok 1957, p.244) � a detailed mapof atomi
 hydrogen distribution (Hulst et al 1954).22 It displayed extendedfragments of tightly-wrapped spiral arms whi
h in the solar vi
inity mat
hed`lo
al arms' in Sagittarius, Orion and Perseus.23 Gas kinemati
s routinelyanalyzed, a synthesized rotation 
urve of the Galaxy was pi
tured (Kweeet al 1953), and the �primary task for the next few years� was 
laimed toget improved radio equipment �
apable of tra
ing with pre
ision the spiralstru
ture of our Galaxy�.�While there is always room for theorizing, the emphasis must first of all beon 
areful observation and unbiased analysis of observations"�(Bok & Bok1957, p.248).The new empiri
al fa
ts � the tightly wrapped, nearly ring-like arms ofthe Milky-Way spiral, the 
on
entration in them of Population I obje
ts,that at some era in the past, the 
entral spheroidal system of low rotation and the diskwith very fast rotation a
tually resembled the equilibrium figure of the gas? One shouldreally look into these things� (Baade 1963, p.17).�The origin of the spiral systems is an unsolved problem as yet. Doubtless the interstellarmaterial plays a major part in it. Therefore the methods [of stellar dynami
s . . . ℄ seemto be insuffi
ient for a solution� (Kurth 1957, p.146).20This was inferred from the la
k of reddening of globular 
lusters in M31, one half ofwhi
h lie behind the galaxy disk be
ause of their spheri
al distribution. As Baade wrote(1963, p.70), initially one did not believe in this finding, sin
e the gas layer in our ownGalaxy was still held to be uniform.21Baade has usually been quoted from his posthumous monograph (Baade 1963). Itreprodu
es his 1958 le
tures that vividly transmit the mid-
entury atmosphere in extra-gala
ti
 astronomy. Many investigators of the time 
laimed to have agreed with Baadeon the basi
 role of gas in the spiral arrangement (e.g., Weizsa
ker 1951, p.178).22In 1958 this map was 
ompleted with the spiral fragments observed from Australia(Oort et al 1958).23They were inferred in 1951 from data on the distribution of O-B asso
iations and HIIregions (Morgan et al 1952; see Gingeri
h 1985).10



the general shearing 
hara
ter of rotation � were a surprise to Lindblad. He
ould not negle
t them. But they demanded another, more fitting dynam-i
al theory, and Lindblad put aside (but did not deny24) his business withunstable 
ir
ular orbits and wave bar-modes. This step was largely favoredby first numeri
al experiments in galaxy dynami
s performed in 1955-60 byhis son P.O. Lindblad with the big ele
troni
 
omputing ma
hine installed inSto
kholm (Lindblad & Lindblad 1958; P.O. Lindblad 1962). Those experi-ments showed the trailing � not the leading � spiral arms, the ones supportedby fresh data on both the form of the Milky-Way spiral and the spa
e orien-tation of many galaxies (Vau
ouleurs 1958), and, after all, the ones put intoorbit way ba
k by Hubble (1943) in the framework of his working hypothesisthat gala
ti
 spirals always trail.251.3 Winds of 
hangeThe spiral stru
ture is nothing more than a tra
er element
ontained in a fairly uniform disk of material [. . . ℄ This isprobably related to the magneti
 field in the disk.G. R. Burbidge 1962, p.29524Via su
h shifts of opinion, Lindblad found himself on the way towards �a more definitetheory� (Lindblad 1962b, p.148). There he might well be judged (Toomre 1977, p.439)as if even having finally 
on
eded that his old leading-arm models were �not re
on
ilablewith modern eviden
e� (Lindblad 1962b, p.146). Yet he blamed that on some other �earlygravitational theories whi
h interpret spiral stru
ture as due to orbital motions of starsstarting from a small nu
leus� (Lindblad 1962b, p.146).25Having 
ompleted by the 1930s his theory of asymptoti
 leading spirals, Lindblad(1934) turned to the empiri
al 
omponent of the problem of the `sense of rotation' of spiralarms. The diffi
ulty was with determining the near and the far sides of a galaxy, as thismight be made no other than by way of spe
ulation on the asymmetry of dust absorptionalong the minor axis of the visible image. There were at the time no reliable data oninterstellar dust properties. To Lindblad's way of thinking, a stronger absorption was feltby a farther side (thought also to show sprinkles of dust veins in the bulge region), whi
hmaintained leading arms. After a 
ategori
al obje
tion by Hubble (1943), he s
rutinizedthe subje
t anew in his fundamental work with Brahde (Lindblad & Brahde 1946) followedby a su

ession of smaller arti
les during a de
ade or so. To 
riti
ize Lindblad for hisleading-arm orientation was a 
ommonpla
e. One agreed with him (and, evidently, withHubble) in that the sense of spiral winding must be the same for all galaxies, whi
hdemanded only one good example of a nearly edge-on galaxy that might be 
learly judgedon both its spiral form and nearer side. Vau
ouleurs (1958) gave su
h an example as gota high-quality long-exposure photograph of NGC 7331 taken with the 200-in
h refle
tor.It favored Hubble's 
amp. Lindblad must have reserved obje
tions on how the spiral formwas to be inferred from that 
ru
ial 
ase (he and his 
ollaborators Elvius and Jensen hadbeen studying this galaxy photometri
ally in several papers from 1941 to 1959, and hegave a rather in
omplete summary on the topi
 in Lindblad 1962a), but for the absolutemajority of astronomers the empiri
al 
omponent of the sense-of-winding problem was nolonger a
ute. 11



As far as I am aware, no single problem, not even a stabil-ity problem, has been solved in a differentially rotating self-gravitating medium. Even without magneti
 fields, and evenlinearizing the equations, it is very hard to make progress.Prendergast 1962, p.318With our observations we have rea
hed a point where weare simply unable to draw any definite 
on
lusion, unless thetheory helps us. I hope some day there will be a
tion, be
auseotherwise we are lost. Baade 1963, p.266The post-war su

ess in galaxy resear
h gave priority to the empiri
al ap-proa
h. By the late 1950s, it formed two flanks of evolutionary studies,morphologi
al and quantitative. The first one, due mostly to the Palomarsky survey, 
alled for elaborate 
lassifi
ations, 
atalogs and atlases of galax-ies (Zwi
ky 1957; Morgan & Mayall 1957, de Vau
ouleurs 1959; Vorontsov-Velyaminov 1959; Sandage 1961); the se
ond exploited matters 
on
erningstellar evolution and empiri
al data on individual gala
ti
 obje
ts. As re-gards the theoreti
al approa
h, it too bran
hed under the new 
onditionsand its subje
t was now treated in distin
t frames of physi
al, 
hemi
al anddynami
al evolution.On this dynami
al side, the one to our present interest, true lodestarsstarted shining by the 1960s. One of them was lit by the linear stabilitytheory as applied to long-range for
e systems; denied so far, mostly by hu-man inertia, its methods eventually penetrated into the galaxy dynami
s.26Chandrasekhar (1953, p. 667) formulated the problem as follows:�When we know that an obje
t has existed in nearly the same state for along time we generally infer that it is stable; and by this we mean thatthere is something in its 
onstru
tion and in its 
onstitution whi
h enablesit to withstand small perturbations to whi
h any system in Nature must besubje
t. [. . . ℄ Thus when we are 
onfronted with a novel obje
t � and mostastronomi
al obje
ts are novel � a study of its stability may provide a basisfor a first 
omprehension�.To him, however, it was a matter of pure intelle
tual interest, aboveall. �For an applied mathemati
ian, Chandrasekhar explained, problems ofstability present a parti
ular attra
tion: by their very nature, these problemslead to linear equations and linear equations are always more pleasant to deal26�I 
annot agree that plasma physi
s methods penetrated in astronomy in the 50's. Of
ourse these developments helped ea
h other, mainly in the 60's, but this is natural. Ithink that in the 50's progress was sporadi
, due to the insight of only a few people, butlater many people followed the first pioneers�. (Contopoulos)12



with than nonlinear ones� (Chandrasekhar 1953, p.667).27 In so thinking,he turned to most general, te
hni
ally transparent models. One of su
hwas Jeans' infinite homogeneous medium asked about whether the 
lassi
alstability 
riterion k2c2−4πGρ > 0 and the 
riti
al fragmentation s
ale λJ =
(πc2/Gρ)1/2 remain un
hanged if the medium is involved in uniform rotation( and ρ are sound speed and material volume density; k, ω and λ = 2π/k� wave number, frequen
y and length; G−gravity 
onstant).28 The answer
ame positive, with the one ex
eption for perturbations propagating in thedire
tion just at right angles to the rotation axis, when Coriolis for
e 
o-governs wave dynami
s and modifies the dispersion relation into

ω2 = 4Ω2 − 4πGρ+ k2c2 (2)showing that any rotation with Ω > (πGρ)1/2 entirely prevents the systemfrom de
ay.Safronov (1960a,b), interested in protoplanetary 
loud dynami
s as apart of his solar-system 
osmogony, examined a more realisti
 model � adifferentially rotating gas layer stratified along the rotation axis.29 A short-27Parti
ularly, this was the line in whi
h the unified theory of ellipsoidal equilibriumfigures was being developed later (Chandrasekhar 1969). �There was 
riti
ism by as-tronomers of Chandrasekhar's work on the 
lassi
al ellipsoids be
ause of its remotenessfrom the 
urrent needs of astronomy. Chandra's interest (and my own as well) was in-deed motivated by non-astronomi
al 
onsiderations. What we found was a developmentby some of the great mathemati
ians of the 19th and early 20th 
entury that had largelybeen forgotten, and in some mathemati
al respe
ts was left in
omplete. Chandra feltstrongly that his work should, on general intelle
tual grounds, be 
ompleted. If that 
om-pletion should have appli
ation in astronomy, so mu
h the better, but that was not themotivation. His 
riti
s in astronomy were offended be
ause he was not doing astronomy.Chandra, however, was more devoted to s
ien
e (or his view of it) than to astronomy, anddid not feel obligated to work on problems whi
h were 
hosen for him by astronomers�.(Lebovitz)28�I do remember that at the time I wrote the paper, the spiral stru
ture of the galaxieswas not even remotely in my mind. Besides my paper was 
on
erned with the Jeans insta-bility of a gaseous medium and not to a system of stars. . . However, I am quite willing tobelieve that the basi
 ideas were in
luded in earlier papers by Lindblad�. (Chandrasekhar)29Ledoux (1951), interested in the formation of planets from a primordial 
loud, seemsto have been the first to 
onsider the stability of flat gravitating systems. He, as well asKuiper who had turned him to this problem, suspe
ted a 
hange in the 
riti
al Jeans s
ale,realizing that an assumed 
loud mass of about 10% that of the Sun would be enough for the
loud to a
t signifi
antly on itself in the plane of symmetry. Ledoux found that for smalladiabati
 disturban
es to the equilibrium state of an isothermal non-rotating layer Jeans'
riterion remains unaltered if ρ is taken to be half the density value at z = 0. This did giveonly a 
orre
tion to the 
lumping s
ale, whi
h was of order 2π times the thi
kness. Fri
ke(1954) 
ombined the efforts by Ledoux (1951) and Chandrasekhar (1953), yet he too 
ouldnot es
ape 
ertain arbitrary assumptions. And Bel & S
hatzman (1958), having returnedto Chandrasekhar's model, let it rotate differentially � in violation of the equilibrium
onditions, though. 13



wave analysis led him to a relation
ω2 = κ2 − 4πGρ · f(k, h) + k2c2 (3)that basi
ally differed from Eqn (2) in its modified gravity term depending onboth wavenumber and the layer's thi
kness h. The 
orre
tion fa
torf(k,h)evaluated, Safronov found � quite in Jeans' spirit � that rotating flat systemslose stability and must break up into rings as soon as their equilibriumvolume density gets above some 
riti
al value.In that same 1960, first results were supplied by 
ollisionless 
olle
tive dy-nami
s, 
on
erning the simplest, spheri
al systems.30 Antonov (1960) foundfor them the now 
lassi
al �stability 
riterion, rather 
ompli
ated though�,and Lynden-Bell (1960a) dis
overed a pe
uliar feature of their equilibriumstates � the ability of 
ollisionless spheres to rotate.31Another lodestar for dynami
al studies was the eviden
e provided bya bulk of higher-pre
ision rotation 
urves obtained for spiral galaxies in thelate 1950s by Burbidges and Prendergast. At long last, their general rotationwas as
ertained to be strongly differential. This fa
t, stripped now of allsurmise, seriously warned astronomers that they were in the presen
e of areal problem of the persisten
e of spiral stru
ture.�There appears to have been some feeling in re
ent years that individualspiral arms are long-lived features in a galaxy. [. . . ℄ However [. . . ℄ we shallshow that the form of the rotation-
urves for spirals will insure that thespiral form will be 
ompletely distorted in a time short 
ompared with theage of a galaxy� (Prendergast & Burbidge 1960, p.244).The quantitative estimates did show that the data on M31, M81, NGC5055 �and probably all similar spiral galaxies� were in 
onfli
t with �
ertainapparently reasonable assumptions� � namely, at least with one out of the30Vlasov, a renowned plasma physi
ist, 
ontributed to galaxy dynami
s as well, viahis arti
le (Vlasov 1959) that had a spe
ial se
tion �Spiral stru
ture as a problem of themathemati
al theory of bran
hing of solutions of nonlinear problems�. Through the 
olli-sionless Boltzmann and Poisson equations, he examined the equilibrium of an immovableplane-parallel slab, re-derived its density profile ρ(z) ∼ se
h2(z/h), and `disturbed' eigen-values of the equilibrium solution, wishing to establish the 
hara
ter of �infinitely 
losefigures of equilibrium�. His new solutions turned out �ribbed�, or spatially periodi
, withthe �exfoliation period� being 
lose to 3 kp
 and 
orresponding to the s
ale of �stellar
ondensations observed by Oort�. Despite some te
hni
al flaws (e.g., his basi
ally smoothfun
tion ρ(z) played as stepped one in integrations), Vlasov's 
on
lusion about possible�ribbed� stati
 equilibria in the tested slab was formally 
orre
t. Still, surprisingly (atleast in retrospe
t), he gave no stability dis
ussion, already pra
ti
able in 
ontemporaryplasma physi
s and very fitting as it would be for his gala
ti
 model.31�This is in 
ontradi
tion to Jeans' result, but is obtained by using his method 
orre
tlyand following the 
onsequen
es� (Lynden-Bell 1960a, p.204).14



following three: (a) only 
ir
ular velo
ities are present in galaxy disks, (b)these velo
ities are independent in time, (
) material whi
h is originally in aspiral arm remains in that arm (Prendergast & Burbidge 1960, p.244, 246).The `urgent problem' of the persisten
e of spiral forms was taken upby Oort. Speaking at a 1961 
onferen
e at Prin
eton of �every stru
turalirregularity� in a galaxy as being �likely to be drawn out into a part of aspiral�, he 
alled for another phenomenon to turn to and 
on
eive:�We must 
onsider a spiral stru
ture extending over a whole galaxy, fromthe nu
leus to its outermost part, and 
onsisting of two arms starting fromdiametri
ally opposite points. Although this stru
ture is often hopelesslyirregular and broken up, the general form of the large-s
ale phenomenon 
anbe re
ognized in many nebulae� (Oort 1962, p.234).Oort suggested �three ways out of this diffi
ulty�, one of whi
h was that�the arms 
ould retain their present spiral shapes if matter were 
onstantlybeing added to their inner edges, while the outer edges would 
onstantly losematter� (Oort 1962, p.237-8). This possibility was given an eager dis
ussionat the 
onferen
e (Oort 1962, p.243).Yet one more lodestar for galaxy dynami
s was lit in the 1950s by numeri-
al 
omputer methods. They first served the 
al
ulating of three-dimensionalstar orbits; Contopoulos (1958, 1962) then stated their non-ergodi
ity andposed anew the problem of a third integral of motion. P.O. Lindblad, as wesaw, turned the same Sto
kholm 
omputer to studying the galaxy dynami
sin terms of an N−body problem (Lindblad & Lindblad 1958; P.O. Lindblad1962).1.4 Dispersion orbitsMost remarkably after that fine beginning [in 1925-27℄, it tookLindblad not three further months or years, but three wholede
ades, to 
onne
t this implied epi
y
li
 frequen
y κ and theordinary angular speed of rotation Ω into the kinemati
 wavespeeds like Ω± κ/m, whi
h we very mu
h asso
iate with himnowadays, espe
ially when muttering phrases like `Lindbladresonan
es'. Toomre 1996, p.2-3These fresh winds did not 
at
h Lindblad unawares. The importan
e ofdifferential rotation was already 
on
eived by him from radio observations(Kwee et al 1954; S
hmidt 1956), and he even noti
ed � for the Galaxy and,15



later, for M31 (van de Hulst et al 1957) and M81 (Mun
h 1959) � the 
uriousempiri
al near-
onstan
y of a 
ombination
Ω2 = Ω(r) − κ(r)/2 ∼= const. (4)And the dynami
al stability problems were always 
omprised by his spiraltheories. Already from 1938 on, dispersion relations of type (3) surfa
ed inhis evolving papers, growing more and more 
ompli
ated by way of variousgradient-term in
lusions for a tentatively better des
ription of the 
ru
ial �unstable � bar-mode (see Genkin & Pasha 1982).32However, the idea of applying the 
olle
tive-dynami
al methods to shear-ing stellar galaxies hardly ever impressed Lindblad. He must have felt (Lind-blad 1959) the limits of his hydrodynami
al approa
h (long-wave solutionsat differential rotation were unattainable analyti
ally, while, on the short-wave side, the whole approa
h failed for want of an equation of state), nothaving yet a means of solving kineti
 equations. Also, Lindblad perhapsdoubted the very possibility of steady modes in shearing galaxies. Eitherway, the empiri
al relation (4) that he himself had stated inspired him themost. With it as a 
enterpie
e he started a new, �more definite theory of thedevelopment of spiral stru
ture� (Lindblad 1962b, p.148), one he 
alled thedispersion orbit theory (Lindblad 1956, 1961). It was imbued, intuitively,with a hope that gas and Population I stars �are somehow aggregated ontheir own into a few su
h orbits in ea
h galaxy � almost like some vastlyexpanded meteor streams� (Toomre 1996, p.3).Lindblad des
ribed epi
y
li
 stellar os
illations in a referen
e system ro-tating with angular velo
ity Ωn = Ω − κ/n, n = dκ/dΩ, and he imagineda star's radial displa
ement ξ to depend on its azimuth θ as cosn(θ − θ0),

θ0 being apo
entri
 longitude. The simplest forms of orbits o

urred for in-teger n's, the 
ase of n = 2 satisfying the empiri
al 
ondition (4). For this
ase, �the most general form of an ellipsoidal distribution with vertex devi-ation� was obtained (Lindblad 1962b, p.152), with whi
h Lindblad soughtto 
al
ulate the total gravitational potential and, by extra
ting its aver-aged (over time and angle) part, to treat the remainder as a 
ontributionto the perturbing for
e. He Fourier-de
omposed this for
e and retained the
m = 1, 2 harmoni
s to analyze disturban
es to a ring of radius r 
omposed32Lindblad's dispersion relation in its simplest form (Lindblad 1938) was rather similarto Safronov's relation (3), both showed the same terms, but, as Lindblad was fo
used onglobal modes and Safronov dealt with short-wave radial os
illations only, their treatmentof the 
orre
ting fa
tor in gravity term was te
hni
ally different. Still, �Lindblad, despiteall his words, never quite seemed to relate those formulas to any spiral stru
tures, and[. . . ℄ only applied them literally to non-spiral or bar-like disturban
es�. (Toomre)16



of small equal-mass parti
les. Like Maxwell (1859) in his similar Saturn ringproblem,33 Lindblad obtained four basi
 modes for ea
h m. Two of themdes
ribed nearly frozen, pra
ti
ally 
o-rotating with material, disturban
esto the ring density. Two others � �deformation waves� � ran with speeds
Ω ± κ/m, the minus sign being for the slower mode. It was, at m = 2,�essentially this slowly advan
ing kinemati
 wave [. . . ℄ 
omposed of manyseparate but judi
iously-phased orbiting test parti
les� (Toomre 1977, p.441)that Lindblad meant by his dispersion orbit ξ(θ). The fa
t that its angularvelo
ity was independent of radius, Ωp(r) = Ω2 =
onst (with an observa-tional a

ura
y of the 
ondition (4)), implied a stationary state for all testrings, i.e. over the entire radial span where this 
ondition was well obeyed.�This fa
t greatly intrigued Lindblad � who did not need to be told thatstri
t 
onstan
y [of Ωp(r)℄ would banish wrapping-up worries or that theni
est spirals tend to have two arms. Yet astonishingly, that is about asfar as he ever got. [...℄ It never o

urred very expli
itly to [him ...℄ to
ombine already those `orbits' into any long-lived spiral patterns� (Toomre1977, p.442).1.5 Cir
ulation theory of quasi-stationary spiralsThe suggestion that the patterns are density waves is oldand was first explored by Bertil Lindblad. His emphasis wasmainly on kinemati
s and less on 
olle
tive effe
ts on a larges
ale, though many of the kinemati
al effe
ts he dis
overed
an still be seen in the 
olle
tive modes.Kalnajs 1971, p.275His details were un
onvin
ing, but no one 
an a

use him ofmissing the big pi
ture. Toomre 1996, p.3P.O. Lindblad's experiments with flat galaxies were planned to 
larify thedispersion-orbit theory. They started with a plane system of several annu-lar formations arranged by N ∼= 200 mutually attra
ting points, and thedevelopment of �small deviations in shape and density of a bisymmetri
alnature� (Lindblad 1963, p.3), applied to one of the rings, was studied. Twowaves propagating along it were shown to rise first, one running slightlyfaster and the other slower than unperturbed parti
les, thus invoking a pairof 
orotation resonan
es, one on ea
h side from the ring. These indu
ed a33Maxwell's problem was on disturban
es of N equal-mass parti
les pla
ed at the ver-ti
es of an N-sided regular polygon and rotating in equilibrium around a fixed 
entralbody. 17



leading spiral; soon it rearranged into a trailing one and smeared out al-most 
ompletely, but some trailing arms then re-appeared, owing evidentlyto a small oval stru
ture retained at the 
enter. This led P.O. Lindblad topropose that gala
ti
 spirals may involve a quasi-periodi
 phenomenon oftrailing-arm formation, breakup and re-formation.34B. Lindblad, however, got 
aptivated by another view of these results.He even lost of his earlier dispersion-orbit enthusiasm and turned in 1961-62 to a 
on
ept �On the possibility of a quasi-stationary spiral stru
ture ingalaxies� (Lindblad 1963) in the presen
e of differential rotation.35�The morphologi
al age of spiral galaxies as estimated [. . . ℄ from 
onsidera-tions of the evolutionary pro
ess 
onne
ted with star formation from gaseousmatter ranges between 109 and 1010 years. In 
onsequen
e it is natural toassume that the typi
al spiral stru
ture is not an ephemeral phenomenon inthe systems but has a 
ertain steadiness in time [. . . and℄ to investigate howfar gravitational for
es alone 
an explain a spiral stru
ture of a fair degreeof permanen
e� (Lindblad 1964, p.103).To begin with, Lindblad introdu
ed an axisymmetri
 flat stellar systemin differential rotation and, e
hoing the N−body pi
tures, imposed on it aninitial trailing spiral pattern formed by some extra amount of stars. His 
al-
ulations of the effe
t upon a nearby test star from su
h a spiral arm showedthat, as it sheared, the star approa
hed it and fell in, having no other 
han
eto leave it than making slight epi
y
li
 os
illations. Su
h an assimilation ofmaterial in just one gala
ti
 turn or so worked well against shearing defor-mation of spiral arms, through their ex
hange in angular momentum withstars attra
ted. As the result, the pattern's angular speed be
ame the sameall over, meaning its quasi-stationarity. Now two dynami
ally different re-gions arose in the system, an inner region with stars moving faster than thespiral, and an outer one, tuned oppositely; they were divided by a 
orotationregion, where the material orbits at nearly the same rate as the pattern.For a true stationary pattern not only its permanen
e in shape wasneeded, but also a balan
e of the stars' travel in and out of the arms. The lat-ter was se
ured in Lindblad's eyes by his 
ir
ulation theory (Lindblad 1963,34�I was delighted to see them [P.O. Lindblad's results℄ as eviden
e as to how mu
h one
ould do already then (!) by way of interesting numeri
al studies with some hundreds ofparti
les � in that sense his work was very inspiring. Yet [. . . ℄ it also stru
k me that hisstudy really dealt with not mu
h more than the transient breakup of inherently unstable
onfigurations of some 4 or 5 artifi
ially introdu
ed rings of material� that imitated �arevolving disk � one whi
h [. . . ℄ should be fier
ely unstable if begun just as 
old. [. . . ℄But, again, as a sample of what 
ould already be done, P.O. Lindblad's work was indeedlike a breath of fresh air�. (Toomre)35Lebedinski was another one who in his 
osmogony of galaxies and stars admitted � stillearlier � �the dynami
al possibility of the formation of quasi-stable spiral arms rotatingwith a 
onstant angular velo
ity for all the spiral� (Lebedinski 1954, p.30). Yet sin
eJeans' 1920s that idea, as su
h, did not sound as a novel dynami
al motive. It got a reallynew sounding only when the fa
t of global gala
ti
 shearing was finally 
on
eived.18



Figure 4: Cir
ulation of material in a galaxy having a quasi-stationary spiral stru
ture.The general rotation is 
lo
kwise, points F mark the 
orotation radius. See the text formore details. (The figure is reprodu
ed from Lindblad 1964)1964) developed in the framework of a trailing two-armed spiral model, ea
harm making one full 
onvolution (or a bit more), 
omparably inside andoutside 
orotation (Fig.4). A
tually, ea
h arm ended where, a

ording toanalyti
al estimates, its stars were effe
tively attra
ted by the next-to-lastarm (outside 
orotation) and fell in it �in a shower of orbits�. The assim-ilated stars kept moving slower than the spiral, thus having an along-armas
ent until a repeated flow down. Inside 
orotation (the region of mu
h lessinterest to Lindblad), the 
ir
ulation was set up as well, but in the oppositedire
tion: stars 
aptured by spiral arms got drawn down along them untilsu
ked upward by the next-to-innermost spiral 
onvolution.This 
ir
ulation theory was nothing but a sket
h by 1964. Well treatingquasi-steady spirals as a density wave, it gave no desired quantitative resultsregarding pattern speeds, arm pit
h angles, interarm spa
ings, or the like. Italso failed to explain dynami
ally the preferen
e for trailing arms � althoughthe dispersion-orbit theory had honestly done no better. It is regrettablethat Lindblad, who died in 1965, did not have the time to 
omplete this lastwork he had started, and only �left behind a long handwritten unfinishedmanus
ript that in great mathemati
al detail studies the gravitational effe
tsof spiral arms in his 
ir
ulation pattern� (P .O. Lindblad).* * *19



The original spiral theories by Bertil Lindblad passed into oblivion. Amongthe 
auses for the passage were the feeble empiri
al base of the 1920s-40s, thefrightening bulk of mathemati
s and s
ant help from the first 
omputers evenduring the 1950s, a 
onstant flux of 
hanges in Lindblad's latest inferen
esand the rather opaque prose of his abundant arti
les,36 and above all a la
kof quantatively 
he
kable predi
tions. Yes, one 
an readily agree that�all problems that in later developments turned out to be important in thetheory of spiral stru
ture had, in one way or another, already been tou
hedupon or even studied by Lindblad� (Dekker 1975, p.18)as well as that�su
h 
omplex 
olle
tive dynami
s was perhaps too hard for anyone, nomatter how talented, in those mid-20th-
entury de
ades before 
omputers,plasma physi
s, or any inkling of massive halos� (Toomre 1996, p.3),but also true is that all of the spiral undertakings by Lindblad, howeveringenious and farsighted they may appear to have been in retrospe
t, gotsunk ingloriously in the silen
e of time.An interesting question is: why? Why did it 
ome to be that the truemaster of theory and observation had long been surprisingly 
lose to butnever quite at the point of re
ognition � opened in the 1960s to a pleiad offresh theorists � that spiral stru
ture is mainly a 
olle
tive wave phenomenonin shearing galaxies? One 
an only suppose that Lindblad did not rea
h, letalone exploit, su
h wave-me
hani
al ideas partly be
ause they were not inthe air yet, but perhaps mainly be
ause he was impeded by his life-longemphases on the orbits of individual parti
les. All his efforts on galaxydynami
s were fed by the stellar-epi
y
le 
on
ept, the pearl of his s
ientifi
youth. This set the trend for Lindblad's theories, and whenever some su
horbital atta
k fell short of its destination, he did not get on with sear
hingfor totally different ways of 
ontinuing, but instead renewed his atta
k timeand again under his old epi
y
li
-orbit 
olors.36�It has not been possible to do justi
e to all phases of Lindblad's resear
hes�, Chan-drasekhar `
omplained' already in 1942, but nonetheless he gave a �more or less 
ompletebibliography� in
luding 25 Lindblad's writings on the spiral problem (Chandrasekhar1942). �The flow of his publi
ations 
an be understood if one realizes that he thoughtin the form of a paper. When atta
king a problem he started writing the paper at on
e�.(P.O. Lindblad)
20



II. ON A NEW WAVE CRESTDuring a time when it was fashionable to `explain' the main-tenan
e of spiral stru
ture by magneti
 fields, Lindblad per-sisted in the belief that gravitation was the dominant fa
tor,and now we have 
ome full 
ir
le ba
k to this view.E.M. Burbidge 1971, p.2662.1 Regenerative spirals by Lynden-BellWe dedu
e that our galaxy is likely to have had spiral armsfor most of its lifetime and that as old arms 
oil up so newun
oiled arms must start to form from their 
orpses. Theproblem of des
ribing su
h a me
hanisms we 
all the regen-eration problem. Lynden-Bell 1960bIn 1960 Lynden-Bell presented at the University of Cambridge his PhD thesis�Stellar and Gala
ti
 Dynami
s� (Lynden-Bell 1960b)37 
onsidering somegeneral aspe
ts of stellar-dynami
al and ergodi
 theories. Its separate part�Cosmogoni
al gas dynami
s� was on the spiral problem. It stated, e
hoingthe stress of the day, that �the arms are primarily the seat of gas and dust�(so that the lenti
ular galaxies, deprived of them, �
an no longer give birth toa spiral stru
ture�). It found the 
osmogoni
al approa
h the most 
onvenient� in 
ase of full denial from Jeans' 
lassi
 s
heme as inoperable in the presen
eof differential rotation.�It seems impossible that the protogala
ti
 gas was uniformly rotating whenthe stars formed. It seems more likely that as the primordial gas brokeup into 
ondensations [protogalaxies℄ ea
h fluid element tended to preserveits angular momentum about the 
entre of the lo
al 
ondensation. Theequilibrium rea
hed is then one in whi
h 
entrifugal for
e nearly balan
esgravity and the pressure is mainly important in preventing the system frombe
oming very flat.�Lynden-Bell analyzed realisti
 equilibrium 
onfigurations of a fri
tionlessgas system and derived �an energy prin
iple whi
h should provide a powerfulmeans of determining the equilibria on a 
omputer�. Any su
h 
onfiguration,when a
hieved by the system, is exposed to a slow se
ular evolution that �willnot be determined by shrinkage due to the radiation of energy as in Jeans
ase, but by the transfer of angular momentum due to fri
tion� negle
ted inthe equilibrium derivations. The system �must: i) 
on
entrate its angular37Leon Mestel was his advisor. 21



momentum into a very small fra
tion of its total mass, and ii) leave theremainder a more 
on
entrated uniformly rotating or pressure supportedbody. This is borne out by observation on both the s
ale of the solar systemand that of the galaxy. [. . . ℄ We should thus expe
t a uniformly rotating
entral 
ondensation surrounded by a differentially rotating dis
� (Lynden-Bell 1960b).It is with su
h an evolved disk of gas that Lynden-Bell linked his spi-ral 
onsiderations. In shearing deformation � a point-blank mena
e to `anystru
tural irregularity' � he, unlike many workers of the day, saw not anantagonist to the persisten
e of spiral arms, but a fa
tor of their 
y
li
 re-generation 
reated through gravitational instability of the gaseous subsystemin a 
ombined star-gas gala
ti
 disk (the stellar 
omponent being liable forgas equilibrium rather than for any 
olle
tive dynami
s). In su
h a setting,the problem needed a global stability analysis of a system in differential ro-tation, whi
h te
hni
ally was not feasible. That is why for want of the betterLynden-Bell employed the methods that had served Fri
ke (1954) with his
Ω = const model; this led to a ne
essary and suffi
ient 
ondition of Jeans'stability, Ω2

/

πGρ0 > 2/3 (
f. Se
t. 1.3), and instru
ted the growth rate forunstable stages to be γ ≤ 2Ω. An m = 2 mode at k ∼= 1/3 kp
−1 was foundthe most important, it fell down towards the disk edge and 
enter, beinglong-wave and therefore fast-growing. This was in substan
e Lindblad's barmode, one spe
ified by a pair of 
ondensations pla
ed oppositely at r ∼= 9kp
 from the 
enter. Before density had grown by a fa
tor e, rotation turnedthe system through 1800 (at γ = 2Ω). But as this passed, effe
ts of shear(ex
luded from the stri
t stability analysis) just wound the �azimuthally in-dependent stru
ture� round the galaxy, at least on
e. This meant a graveradial-wavelength redu
tion, whi
h was expe
ted to be a 
ause for slowingdown the growth rate as effe
tively as to turn off instability altogether. Inthis event, the spiral arms would expand ba
k �to form the sheet from whi
hwe started�, and the whole pro
ess might then re
ur. However, a more 
are-ful analysis 
onfirmed the dependen
e of γ on k only �for systems very 
loseto stability�. This would be �far too sensitive to give the great variety ofspirals� and 
ould not apply �for any part of the observed spiral arms�. Theregeneration theory proposed, Lynden-Bell (1960b) 
on
luded, was �there-fore untenable�.But as it turned out later, this pessimism was rather ex
essive, sin
eit be
ame 
lear eventually that there was a good deal of wisdom even insu
h regenerative thoughts. This, however, is not how things developedimmediately, be
ause, as we will see in the forth
oming se
tion, the old ideaof steady spiral modes was about to gain a new and important burst ofenthusiasm. 22



2.2 MIT enthusiasmChia Ch'iao Lin was not an astronomer. Sin
e the pre-war time, he hadbeen studying fluid flows. By the 1960s, he had had over 60 publi
ations, amonograph on hydrodynami
 stability (Lin 1955), a world re
ognition of anapplied s
ien
e expert, and a solid reputation at the department of mathe-mati
s in the Massa
husetts Institute of Te
hnology (MIT) where he workedsin
e 1947. But he did feel a 
ontinual interest in astronomy, being admiredwith stri
t analyti
al papers by Chandrasekhar, with M. S
hwarzs
hild' workon stellar stru
ture, with Zwi
ky's morphologi
al method. In 1961 this sideinterest be
ame Lin's life-long vitality. That spring, on visit in Prin
eton,38he attended the aforementioned 
onferen
e on interstellar matter and, havingbe
ome familiar with the developments in galaxy resear
h, he got 
apturedby the problem of the persistent spiral stru
ture.39Ba
k in MIT, Lin 
onveyed his gala
ti
 enthusiasm to his young 
ol-leagues Hunter and Toomre.40 For qui
k a
quaintan
e with 
urrent periodi-
als, a `reading group' was formed;41 a �friendly ba
k-and-forth atmosphere�(Toomre) warmed open dis
ussions and working visits of Woltjer and Lust,organized by Lin;42 Lebovitz was hired in the department.43 In 1962, Shu ar-rived there for doing his undergraduate 
ourse work under Lin's guidan
e,4438Stromgren invited him for dis
ussions on stellar stru
ture (Lin), largely in relation tohis fresh interest in hydrodynami
s of liquid helium (Lin 1959).39In his early spiral papers, Lin often quoted Oort's statement reprodu
ed in Se
t. 1.3.40At that time, the department of mathemati
s in MIT was vigorously enlarging itsapplied side. Hunter and Toomre were hired there in 1960, just after they had got theirPhD degrees in fluid dynami
s in England. Initially, they hoped to 
ollaborate withBa
kus (Hunter ; Toomre), a re
ognized leader in geomagneti
 problems, but as he leftMIT that year already, they two �soon 
aught some of Lin's fever for problems in thedynami
s of galaxies�. �Almost at the moment I first met him in fall 1960 I was stru
kwith his breadth of s
ientifi
 interests, his really ex
ellent spoken English, [. . . ℄ and hisgenuinely gra
ious manner of dealing with other people�. (Toomre)41�[We℄ were all be
oming interested in astrophysi
al problems together. We read Mar-tin S
hwarzs
hild's book on stellar stru
ture together�. (Hunter)42�It was a real pleasure to have su
h a thoughtful and arti
ulate theoreti
al astrophysi-
ist as Woltjer so 
lose to 
hat with about this thing or that. [. . . ℄ It was from his informalle
tures that summer that I learned for the first time not only how Dut
h and Australianradio astronomers working in parallel had more or less mapped the spiral arms of thisGalaxy from the velo
ity maps, but also how astonishingly thin � and yet 
uriously bent� is our layer of 21-
m gas�. (Toomre)43�I had just re
eived my PhD [working with Chandrasekhar℄, I wished to pursue appliedmathemati
s, and I had re
eived an offer of an instru
torship from one of the best applied-mathemati
s departments in the 
ountry. Lin's motive I 
an only spe
ulate on. He wasinterested in moving in the dire
tion of astronomy and of the spiral-stru
ture problemand perhaps figured I would be a useful parti
ipant. If this is the 
ase, I suppose my stayat MIT may have been somewhat disappointing to him be
ause I spent all of it in 
lose
ollaboration with Chandrasekhar on a quite different set of problems�. (Lebovitz)44�I began work with C.C. Lin in summer 1962 as an undergraduate resear
h assistant23



and Hunter with Toomre, their instru
torship finished, left MIT, one ba
kfor Cambridge, UK, the other for Prin
eton; their first papers appeared in1963.Hunter and Toomre made their debut in galaxy dynami
s on a vital prob-lem already posed but yet unanswered very basi
ally (Kuzmin 1956; Bur-bidge et al 1959): How to 
onne
t the empiri
al rotation 
urves of galaxieswith their equilibrium mass distribution? Toomre (1963) set forth a generalmathemati
al method, and for a razor-thin disk model he derived a seriesof solutions well known nowadays as Toomre's models of nth order (Binney& Tremaine 1987, p.44).45 Hunter (1963) used a distin
t thin-disk approxi-mation and found another series of exa
t solutions. The simplest there wasthe 
ase of uniform rotation and surfa
e density µ0(r) ∝ (1 − r2
/

R2)1/2.For it only was the analyti
al study of equilibrium stability possible, andHunter did it �using only pen
il, paper, and Legendre polynomials� (Toomre1977, p.464). This 
old disk proved unstable for a wide span of axisym-metri
 and non-axisymmetri
 os
illation modes.46 These papers by Toomreand Hunter had paved the way for further works on kinemati
al models andglobal dynami
s of flat stellar systems.2.3 Gravitational stability of flat systemsLin asked [Woltjer in 1961℄: What are the 
ir
umstan
es thatwould be needed for either one or both of the stellar and inter-stellar parts of a supposedly smooth gala
ti
 disk to remaingravitationally stable against all large s
ale disturban
es?Toomre 1964, p.1217The importan
e of 
olle
tive effe
ts in our Galaxy was first
learly pointed out by Toomre (1964). He showed that in thedisk the stellar motions are suffi
iently 
oherent to make italmost vulnerable to 
ollapse. He also pointed out that thes
ale on whi
h this would o

ur is quite large.Kalnajs 1971, p.275As we have seen, Safronov already raised the question of gravitational in-stability in flat rotating systems, aiming at the breakup of a protoplanetaryand 
ontinued through the fall and spring 1963, on the topi
 of spiral stru
ture in galaxiesas my undergraduate thesis proje
t in physi
s at MIT [. . . ℄ I knew Lin from even earlierbe
ause he is a 
lose friend of my father�. (Shu)45Toomre's model 1 reprodu
ed the result by Kuzmin (1956) then unknown to Toomre(Binney & Tremaine 1987, p.43).46The stability of differentially rotating 
old disks Hunter studied in his subsequentpaper (Hunter 1965). 24



Figure 5: Chara
teristi
 s
ales in a gravitating disk. A 
old rotating disk is stablefor radial disturban
es on the s
ales L > LT , a non-rotating hot disk is stable of s
ales
L < LJ , a hot rotating disk is stable on both s
ales. As the velo
ity dispersion be
omesof the order of the 
ir
ular velo
ity, one obtains full axisymmetri
 stability.
loud into deta
hed rings. Toomre, interested in basi
ally smoother obje
tslike galaxies, turned in 1961 to a rather 
lose, although opposite in a

ent,topi
, and by the summer of 1963 he prepared an arti
le �On the gravitationalstability of a disk of stars� (Toomre 1964, hereinafter T64).The paper started with the general presentation of the problem as it wasthen seen.�The well-known instabilities of those Ma
laurin spheroids whose rotationalflattening ex
eeds a 
ertain fairly moderate value suggest that the othersuffi
iently flattened, rotating, and self-gravitating systems might in somesense likewise be unstable. At any rate, these instabilities have been often
ited as a likely reason why one does not observe ellipti
al galaxies ex
eedinga 
ertain degree of oblateness. It is only when we turn to 
onsider what arenow thought to be the distributions of all but the youngest stars in the disksof the ordinary (as opposed to the barred) spiral galaxies that this 
lassi
alresult suggests a serious dilemma: How is it 
on
eivable, in spite of these oranalogous instabilities, that so mu
h of the fainter stellar matter within su
hgalaxies � and 
ertainly the S0 galaxies � should today appear distributedrelatively evenly over disks with something like a ten-to-one flattening?�(T64, p.1217)The detailed study of the problem was pre
eded by a primary, qualitativestability estimate.A rotating thin 
old disk, in an approximate equilibrium between grav-ity and 
entrifugal for
es a
ting on ea
h mass element, is prevented fromgeneral 
ontra
tion, still not from fragmentation. Small-size 
lumpings ariseeverywhere in su
h a disk, and then 
ollapse, their gravity taking ex
ess overrotation. But if larger-sized, they do not go as these two fa
tors 
ountera
tea
h other. The demar
ation length s
ale LT proves plain 
o-measurablewith the disk radius R. Thus the 
old model, for all spe
ifi
ations it may25



have, is 
learly unstable.47 The part played by random motions is best visu-alized with an immovable sheet model. There instability is avoided if stars(other mass elements), having an rms velo
ity , 
ross a 
lumping zone in atime not ex
eeding that needed for an e−fold amplitude growth as registeredin the 
old 
ase. Hen
e the largest yet ungrowing disturban
e is found on an
LJ ≈ c2/Gµ0 s
ale, whi
h is essentially the Jeans stability 
riterion. Now,letting the sheet rotate, one sees the two 
hara
teristi
 s
ales, LT and LJ ,be present (Fig.5). LJ gets 
loser to LT for higher velo
ity dispersions, untilthey 
oin
ide at c's as high � in the order of magnitude � as the rotationalvelo
ity, thus meaning full stabilization against this sort of disturban
es.The stri
t analysis of axisymmetri
 disturban
es to a razor-thin disk,performed in T64, supported these rough estimates. In the 
old 
ase, it ledto a lo
al dispersion relation

ω2 = κ2 − 2πGµ0|k| (5a)or
ν2 = 1 − |k|/kT (5b)linking the wave frequen
y in units of κ, ν = ω/κ, with a 
riti
al wavenumber
kT = κ2/2πGµ0, (6)the one to determine the shortest wavelength λT ≡ 2π/kT of ungrowing(ν2 ≥ 0) disturban
es (Fig.6).48 The hot-disk analysis dete
ted the minimum47Toomre got this estimate by the fall of 1961 and was stru
k with the fa
t that nothinghad ever been said on the thing just sho
king with its as simply derivable inferen
e that
old disks be prone to violent instabilities. (Toomre)48Analyzing axisymmetri
 disturban
es to a flattened rotating 
loud, Safronov (1960a,b)did not solve the Poisson equation. He was guided by the noti
e that short radial wavesfind adequate the 
ylindri
 approximation for a torus (ring). But the 
ylinder is the sumof `rods', or elementary 
ylinders whose individual gravity is given by a simple formula,so that the business is just to integrate in infinite limits the elementary 
ontributions overlongitudal and transversal variables xand z. There Safronov was not perfe
t, however.His gently stratified 
loud turned a stiff 2h−thi
k plate as he took his introdu
ed densityfun
tion ρ0(z) out of integration over z. His subsequent integration over xwas in an inter-val of ±λ/4; that, he argued, ensured a predominant 
ontribution to the perturbed for
e(whi
h is qualitatively true). Had he integrated in infinite limits, and first � most trivially� over x, the gravity term in his Eqn (3) would have be
ome −2πGk

∫

ρ0(z/h)e−k|z|dz,and with the exponential fa
tor serving as a thi
kness 
orre
tion he would have a

u-rately managed with any density profile � and, most obviously, would have found that inthe zero-thi
kness limit that fa
tor simplifies to unity, the integral just gives the surfa
edensity µ0, so that the gravity term 
onverts into �2πGµ0k, the form in whi
h it waspresented soon by Toomre (1964) in frames of `regular' methods of the potential theory.26



radial velo
ity dispersion at whi
h the system is still resistant against allaxisymmetri
 disturban
es (Fig.7):49 ,50
cr,min =

3.36Gµ0

κ
. (7)The real-to-minimum velo
ity-dispersion ratio

Q = cr/cr,min ≥ 1 (8)thus got a lo
al disk-stability parameter.51 ,52 In a marginally stable state
Q = 1, disturban
es of λ0

∼= 0.55λT proved most unpliant and barely sup-pressible. Our solar neighborhood would have su
h a λ0
∼= 5 − 8 kp
, butif some Q ∼= 1 − 1.5 were not preferred empiri
ally, implying a 
ertain sta-bility reserve. Of 
ourse, �it was as yet impossible to rule out instabilitiesaltogether�, but should any a
tually be present, they would not do withs
ales responding to the 
hallenging 2-kp
 spa
ings, as these �must almost
ertainly be judged as stable�. This �is important as an argument againstany suggestion that the existing spiral stru
ture in this Galaxy might be theresult of 
olle
tive stellar instabilities� of the sort 
onsidered (T64, p.1236).Still, the linear theory developed 
ould not lay 
laim to very mu
h. Soit did not elu
idate the 
ause of stellar disk heating, it even 
ould not showany definitely what was to be
ome with primary 
ondensations appearing ina tentatively 
old disk in one or two revolutions already. �It must not bepresumed that su
h initial 
lumpings would ne
essarily have led to the for-mation of any permanent irregularities�, Toomre noti
ed. �On the 
ontrary,it seems mu
h more likely that the bulk of the stars involved in any given(generally non-axisymmetri
) instability [. . . ℄ would eventually have dis-persed themselves upon emerging from the opposite sides of the aggregationand upon experien
ing the shearing effe
t of differential rotation�.49To solve the Vlasov kineti
 equation, Toomre used the 
hara
teristi
s method that forsome three-dimensional purposes had already served Lynden-Bell (1962), who in his turn
ited the original sour
e (Bernstein 1958) where that method had genuinely helped withthe general disperion relation for the mathemati
ally similar problem with a Maxwellianplasma in a magneti
 field.50Be
ause of a te
hni
al error in Toomre's analysis, this minimum value was initiallyoverestimated by 20%. Not so little if one 
onsiders that the differen
e in cr,min for starand gas disk models (the latter 
ase admits a mu
h simpler analysis) rea
hes 7% only.It is this �substantial error� whi
h was dete
ted in 1963 by Kalnajs (
f. Se
t. 2.4), asreported frankly in T64 (p.1233).51Formally, the `Q−parameter' (8) was introdu
ed by Julian and Toomre (1966).52This quantitative analysis refines the above view of disk stabilization as it shows viaEqs (6) and (7) that lo
ally the result is attained already on
e LJ/LT = (3.36/2π)2 ∼=0.286 (0.25 in a gas disk). 27



Figure 6: (left) The dispersion relation 
urve for radial os
illations and tightly wrappedspiral waves in a 
old disk.Figure 7: (right) The hot disk neutral stability 
urve. The disk is stable for all thosethe radial disturban
es for whi
h the parameter x = k2c2

r/κ2 ex
eeds xcr = 0.2857. This
riti
al value determines the minimum velo
ity dispersion (7) suffi
ient to se
ure theaxisymmetri
 disk stability. (The figure is reprodu
ed from Toomre 1964)�It follows that an initially unstable disk of stars should probably have un-dergone not just one but several su

essive generations of instabilities, afterea
h of whi
h the system would have been left somewhat less unstable thanit was previously. In parti
ular, it seems likely that before very many rota-tion periods had elapsed, the disk would have approa
hed a new equilibriumstate that was again fairly regular and quite possibly axisymmetri
, but inwhi
h the random velo
ities at the various radii had be
ome � and wouldhen
eforth remain � about equal to the minimum values needed for 
ompletestability� (T64, p.1237).53Besides, sin
e the total gravitational energy of the disk would have had tobe the same during its evolution (the virial theorem), �the said redistributionof stars 
ould not simply have 
onsisted of an overall 
ontra
tion, but wouldhave had to entail a 
ontra
tion perhaps in the inner parts of the disk jointlywith a net expansion of the outer portions� (T64, p.1237) � as it was alreadyseen by Lynden-Bell (1960b) from the gas-dynami
al viewpoint.As regards non-axisymmetri
 disturban
es, it was pointed out in T64that be
ause of the spe
ifi
 a
tion of the Coriolis for
e those are restrained53Asked to reminis
e on how he had originally understood those dispersion velo
ities�about equal� to the needed minimum in the new equilibrium state � on whether or not thiswas a fa
tual suggestion of marginal stability of our stellar disk, or some extra amount wasyet permitted for its stability � Toomre has responded: �It is hard for me to re
onstru
tfrom this vantage point what exa
tly I meant or hoped by that statement. Probably Iwas mostly just trying to rationalize the surprising fa
t whi
h I had then unearthed thatthe minimum theoreti
ally needed cr,min and the observed amounts seemed to agree sowell within their 
onsiderable un
ertainties, meaning within a fa
tor of 1.5 or thereabouts,rather than some 2 or 3 or 4 [. . . ℄ From about 1966 onwards, I was surely of the opinionthat any Q less than about 1.5 here was highly suspe
t, if not downright ludi
rous, be
auseof fier
e heating of 
ooler disks by their embedded gas 
omplexes. But that 
ame a littlelater. In 1964 my views were no doubt more permissive toward Q = 1.0�. (Toomre)28



even more effe
tively than radial disturban
es, thus requiring no addition for
cr,min. However, Toomre remarked, a question that his dis
ussion left �
om-pletely unanswered� was �to what extent a similar amount of random motion[Q = 1℄ might affe
t the 
hara
ter of the most extensive non-axisymmetri
disturban
es, in parti
ular those whi
h ought to determine whether or not agiven disk might prefer to develop into a barlike stru
ture� (T64, p.1235).542.4 Kalnajs' sear
h for spiral modesOne 
an draw a parallel between the attempts to talk aboutgala
ti
 evolution at the present time and the attempts tounderstand stellar evolution before the sour
es of energy inthe stars were understood. G. R. Burbidge 1962, p.291The study of stellar systems, su
h as our own galaxy, is notlimited by a la
k of understanding of the underlying prin
i-ples, but rather by the diffi
ulty of solving the differentialequations whi
h govern the time evolution of the system.Kalnajs 1962, p.iAgris Kalnajs began his undergraduate studies in Ele
tri
al Engineering atMIT in 1955. As a good student, he parti
ipated in a spe
ial 
ourse whi
hemphasized physi
s and mathemati
s, and provided summer employment inthe Mi
rowave Resear
h Lab at Raytheon, making measurements for 
om-puter modeling of magnetrons. There he learned about su
h things as ele
-tron motions in 
rossed ele
tri
 and magneti
 field, waves 
arrying positiveand negative energies, modes, 
oupled modes, parametri
 amplifi
ation. Allthis proved to be really useful in a quite different field when he arrived in1959 in the astronomy department at Harvard University and got involvedin galaxy dynami
s.55In the fall of 1961 Kalnajs made a resear
h examination on �Stellar kine-mati
s� (Kalnajs 1962).56 The task was to 
al
ulate self-
onsistent radialos
illations in a rotating stellar disk as a tentative explanation for the `lo
al'arms in our Galaxy. Their short spa
ing L ≤ 3 kp
 justified the small-s
ale analysis in the plane of a homogeneous thin sheet. Kalnajs solved the54Real progress in the study of this problem first 
ame half a de
ade later.55�It was probably David Layzer's 
ourse in 
lassi
al dynami
s whi
h steered me towardsstellar dynami
s. I rather liked David's approa
h: he strived for elegan
e. He put a lotof thought in his le
tures�. (Kalnajs)56As this was only an unpublished internal do
ument, its outline below is mainly toillustrate how Kalnajs was then progressing.29



Vlasov and Poisson equations as an initial-value problem and obtained anequation for the radial os
illations and a dispersion relation whi
h was for-mally 
orre
t.57 As he was interested in short waves, he made an asymptoti
evaluation of the integral expression, and in the pro
ess left out �a fa
tor 2πor something of that order� (Kalnajs). This and the redu
ed disk responseat the short waves (λ ∼ 1kp
) made him 
on
lude that ω ∼= κ, be
ausethe self-gravity effe
ts be
ame �too small to be interesting� (Kalnajs): allthe solutions os
illated and were traveling waves that, in passing, �tend togather up the low dispersion obje
ts su
h as gas� (Kalnajs 1962, p. ii). Asa plausible �arm-like density wave� generator, an oval-shaped body at theGalaxy 
enter was mentioned.The error in this asymptoti
 evaluation was un
overed in the summer of1963 when Kalnajs and Toomre finally got together, 
ompared and 
ross-
he
ked their notes, and dete
ted ea
h other's te
hni
al errors. Kalnajslooked anew at his radial-os
illation theory and re-evaluated the disper-sion relation, this time into the form in whi
h it entered his thesis (Kalnajs1965).58 In modern notation � whose 
onvenien
e and 
larity we owe un-doubtedly to Lin � and without the uninteresting stellar disk thi
kness 
or-re
tion going through that original 1961-63 analysis,59 it is
ν2 = 1 − |k|/kT · Fν(x), (9)where

Fν(x) = 2(1 − ν2)
e−x

x

∞
∑

n=1

In(x)

1 − ν2
/

n2
, x ≡ k2c2r

/

κ2, (10)is Kalnajs' version of a fa
tor to a

ount for the role played by randommotions of stars. There is no su
h play in the limit x = 0, relation (9)then redu
es to Toomre's 
old-disk result (5) that shows the gravity termproportional to the wavenumber and growing without bound. Now random57Following Landau's method 
orre
tly des
ribing small os
illations in homogeneousele
trostati
 plasma, an arbitrary disturban
e is initially imposed on the stellar sheet andits evolution is tra
ed out. With time, the dependen
e on the initial 
onditions dies away,and the result is provided by the integrand poles whose expression � the dispersion relation� 
onne
ts the established wave parameters.58�Stri
tly speaking, I was the first to write down the dispersion relation. But thatis not the important thing. What is more important is who made the best use of thatequation. And here it was Toomre, who used it to dis
uss the stability of the Gala
ti
disk � a distin
tly more fundamental topi
 than the subje
t of my Resear
h Examination.[. . . ℄ By the time we got together in 1963, that is probably the way we understood ourrespe
tive 
ontributions�. (Kalnajs)59The thi
kness 
orre
tions were worth 
onsidering for wavelengths as short as 1.5 kp
as they redu
ed the radial for
e by a fa
tor of 2 or 3, but for λ ∼= 6 kp
 the redu
tion wassome 20%-30% at most. 30



motions arrest this growth: the total 
ontribution of gravity only rea
hes amaximum at x0
∼= 1, still giving rise to instability (ν2 < 0) if large enough,and for x >> 1 it be
omes small. In the solar neighborhood that value of

x0 points to a radial wavelength λ0
∼= 6 kp
, the one 
on
luded by Toomrefrom his neutral stability analysis. Its 
ommensurability with the radial sizeof the Gala
ti
 disk makes the lo
al theory somewhat suspe
t.�When I wrote my Resear
h Examination I was under the impression thatthe spa
ing between the spiral arms was about 1.5 kp
. After Toomre andI got together, it be
ame 
lear to me that the 1.5 kp
 waves/flu
tuationswere not the important modes of the Galaxy. [. . . ℄ Also by the fall of 1963 Ihad obtained my own 
opy of Danver's thesis (thanks to my un
le who wasat Lund University). Danver had measured the spiral patterns and 
ameup with a typi
al pit
h angle of 16◦.6. This implies s
ales even larger than6 kp
. [. . . ℄ By this time Alar had published his disk models, and I 
oulduse them to estimate the s
ales at whi
h these disks were most responsive,and they 
onvin
ed me that a WKBJ approa
h [see Se
t. 3.1℄ was too 
rude[. . . ℄ and that � unlike plasma � galaxies were too inhomogeneous. [...℄ Sothe future was `global modes and integral equations'.� (Kalnajs)On
e he realized this fa
t, Kalnajs lost interest in the lo
al theories, whi
hwere good for the stable small-s
ale solutions, and turned to global modesas the 
orre
t approa
h to the os
illation problem. In the fall of 1963 hepresented to his thesis 
ommittee at Harvard �An outline of a thesis on thetopi
 `Spiral stru
ture in galaxies' � (Kalnajs 1963), summarizing his ideasfor a new theory of steady spiral waves. Be
ause this do
ument has beenalmost unknown, a long quotation from it appears to be quite appropriate.60�A feature pe
uliar to highly flattened stellar systems is the appearan
e ofspiral markings, 
alled arms. These features are most prominently displayedby the gaseous 
omponent of the galaxy and the young hot stars whi
h ex
itethe gas. However, the density flu
tuations 
an still be seen in the stellar
omponent, appearing mu
h fainter, but also more regular.The division of the galaxy into two 
omponents, gaseous and stellar, ap-pears natural when one 
onsiders the dynami
al behavior of these two sub-systems. The gaseous 
omponent is partly ionized and is therefore subje
t tomagneti
 as well as gravitational for
es, and has a very uneven distributionin the gala
ti
 plane. The stellar system is quite regular, its dynami
s beinggoverned by the long-range gravitational for
es arising from the galaxy as awhole; the density of stars is suffi
iently low that binary en
ounters betweenstars may be ignored. The stellar 
omponent, whi
h is the more massive,
annot support density flu
tuations on a s
ale mu
h smaller that the mean60�I do not re
all exa
tly when I first learned that Lin was also interested in spiraldensity waves (it was probably a talk he gave at MIT), but at that stage our relationswere most 
ordial and I also felt that my understanding of this topi
 was more thoroughthan his. So having produ
ed a written do
ument, I am pretty sure that I would havefound it diffi
ult not to boast about my a
hievements� (Kalnajs). �A written do
ument�there refers to the �Outline� whi
h at least Toomre re
eived from Kalnajs in November1963. 31



deviation of the stars from a 
ir
ular orbit (or the s
ale of the pe
uliar mo-tions). The gas, on the other hand, would support smaller-s
ale flu
tuations� at least in the absen
e of magneti
 effe
ts. The fa
t that observed spi-ral arms are not mu
h narrower than the smallest s
ale that the stars willtolerate suggests that stars must parti
ipate a
tively in the spiral patterns.There is a fundamental diffi
ulty, however, in the assumption that spiralarms are entirely stellar: if an arm 
an exist and does not grow in time, thenits mirror image is also a possible 
onfiguration. This follows from the time-reversibility of the equations of motion 
ombined with their invarian
e underspatial inversion. Thus the leading or trailing 
hara
ter 
annot be de
idedon the basis of a linearized theory if we insist on permanen
y of the spiralmarkings. The observations indi
ate, however, that nature in fa
t preferstrailing spiral arms. Thus a plausible theory of spiral stru
ture must in
ludeboth the stars and the gas.I regard the galaxy as 
onsisting of two 
omponents, gas and stars, 
ou-pled by gravitational for
es. The stars provide the large s
ale organizationand the gas dis
riminates between leading and trailing arms. ([Footnote inthe original text ℄: The stellar system 
an be thought of as a resonator, andthe gas would then be the driver whi
h ex
ites 
ertain of the normal modes.)If the 
oupling is not too strong, one may at first 
onsider the two subsys-tems separately, and afterwards allow for their intera
tion. Unfortunately,one 
annot evaluate the magnitude of the 
oupling without 
al
ulating thenormal modes of the two subsystems. For the gaseous 
omponent, onlythe 
rudest type of analysis is possible at present, sin
e one should in
ludenon-linear terms in the equations governing the gas motion in order to berealisti
. The stellar 
omponent, on the other hand, is suffi
iently smooththat a linearized theory should apply, and the problem of determining thenormal modes 
an be formulated, and, with a little effort, solved.I have 
hosen as my thesis topi
 the investigation of the stellar normalmodes in the plane of a model galaxy. [... ℄ Some qualitative features ofthe equations indi
ate that the type of spiral disturban
e with two armsis preferred. This result does not seem to depend 
riti
ally on the model,whi
h is en
ouraging. The final proof has to be left to numeri
al 
al
ulations,whi
h are not yet 
omplete.� (Kalnajs 1963, p.1-3)It is seen therefore that Kalnajs was envisaging the disk of stars as a res-onator in whi
h global spiral-wave modes are developed. If stationary, theleading and the trailing 
omponents are just mirror-imaged, so that, super-imposed, they give no spiral pattern. However, due to slow non-reversiblepro
esses o

urring in real galaxies, the symmetry is violated.In support of his normal-mode 
on
ept, Kalnajs 
onsidered large-s
alenon-axisymmetri
 disturban
es to a hot inhomogeneous flat stellar disk, andderived for them a general integral equation whose 
ompli
ated frequen
ydependen
e implied a dis
rete wave spe
trum. He also pointed out the roleof Lindblad's 
ondition (4). When satisfied, large parts of the gala
ti
 disk
ould support 
oherent os
illations for the m = 2 mode, whereas for larger32



m's there would be Lindblad resonan
es within the disk. Stars in theseregions feel the perturbing wave potential at their own natural frequen
y,
|ν| = 1, ν ≡ (ω −mΩ)/κ, (11)thus undergoing strong orbital displa
ement and making the m > 2 modeslose integrity61 . Hen
e Kalnajs 
on
luded that his �formulation of the prob-lem� shows a dynami
al preferen
e for two-armed spirals and �gives littleinsight of what to expe
t in both the shape of the disturban
es and theirtime dependen
e when m > 2� (Kalnajs 1963, p.13).A summarizing exposition of the subje
t Kalnajs gave in his PhD thesis�The Stability of Highly Flattened Galaxies� presented at Harvard in May1965 (Kalnajs 1965);62 it 
ontained an extended dis
ussion lavish in ideasand te
hni
alities. At the same time, the thesis be
ame in fa
t Kalnajs'offi
ial publi
 debut, so that to it as a referen
e point should we atta
h
hronology when 
onfronting 
ertain fa
tual points in the spiral history ofthe 1960s.III. THE LIN-SHU THEORYI would like to a
knowledge that Professors Lin and Toomreof MIT are also interested in the problem of spiral stru
ture,and that I have benefited from dis
ussions with them as wellas their students. Kalnajs 1963, p.133.1 Working hypothesis and semi-empiri
al theoryIn hindsight, 
onsidering the 
ru
ial influen
e that the Lin& Shu (1964) paper had on the thinking of astronomers, it isonly regretful that Lin did not de
ide (with or without me) topublish even earlier, be
ause he 
ertainly had all the physi
alideas 
ontained in our paper well before 1964. Shu 200161A 
ombination ω −mΩ is 
alled the Doppler-shifted wave frequen
y, one re
koned ina referen
e system 
orotating with disk material. The shift is due to the fa
t that wavesare naturally 
arried along by flows.62Kalnajs' thesis 
ommittee members were Layzer, Lin and Toomre, as offi
ially 
on-firmed from Harvard. 33



While Toomre, Hunter and Kalnajs had already presented their first re-sults in the dynami
s of flat galaxies, Lin still kept on thinking over thespiral problem.63 Astronomers in Prin
eton had 
onvin
ed him that, de-spite Chandrasekhar's 
riti
ism of Lindblad's theories,64 the idea itself of along-lived, shape-preserving spiral pattern is 
onsistent with Hubble's 
las-sifi
ation system that relates spiral features with a galaxy's morphologi
altype, its steady 
hara
teristi
, thus suggesting that the spirals are steadyas well. This view reminded Lin of wave modes in fluid flows that he hadbeen studying for years ba
k.65 On purely heuristi
 grounds, dis
rete spiralmodes seemed to him very reasonable as the natural result of wave evolution,and, if so, the patterns released might be asso
iated with slowly growing orneutral modes. Lin raised this premise to the rank of working hypothesis,and around it as the nu
leus he set to develop a semi-empiri
al theory.66 Itwas seen to follow best the �urgent assignment from the astronomers [. . . ℄to make some spe
ifi
 
al
ulations� and �to demonstrate the possibility ofthe existen
e of quasi-stationary spiral modes from the theoreti
al point ofview [. . . ℄ with understanding of the dynami
al me
hanisms relegated to ase
ondary and even tertiary position� (Lin).67,6863Lin's basi
 themes still were in hydrodynami
s (e.g., Benney & Lin 1962; Reid & Lin1963).64That 
riti
ism (Chandrasekhar 1942) 
on
erned only the asymptoti
-spiral theory,and it was itself not flawless as atta
hed to 
onfusing empiri
al data of the 1920's � 30's.65�I have been thinking of modes ever sin
e I learned about the fine points of the Hubble
lassifi
ation�. (Lin)66�I adopted the empiri
al approa
h be
ause of my 
lose 
onta
ts with the observers(and with Lo Woltjer). Now that I have thought over the situation some more, I think Ishould admit that it is probably true that my past long-standing experien
e in the studiesof hydrodynami
 instability did (as you hinted) play a role in my thinking (although Iwas not 
ons
ious of it). But more important, I also feel (upon refle
tion) that the reasonI adopted the empiri
al approa
h is really the natural 
onsequen
e of my past edu
ation.My undergraduate edu
ation was in physi
s (at Tsinghua University of China, where allthe major professors in Physi
s had do
torate degrees from English speaking universitiessu
h as Harvard, Calte
h, Chi
ago and Cambridge), with all the pleasant memories ofdoing the experiments with pre
ision and the satisfa
tion of having the data 
he
kedagainst theory. My graduate edu
ation was primarily at Calte
h where I studied underTheodore von Karman. It is also there that I took a 
ourse from Fritz Zwi
ky who firstidentified the regular spiral stru
ture in the Population II obje
ts of the Whirlpool M51�.(Lin)67�Despite of my de
ades of experien
e with instability of shear flows, I did not bringthese matters into the presentation of the 1964 paper, but 
ommented only vaguely aboutinstability. [. . . ℄ There was no shortage of theoreti
al astronomers who understood theme
hanisms perhaps better than I did; e.g. Lo Woltjer and Donald Lynden-Bell andperhaps even Peter Goldrei
h (even at that point). Goldrei
h turned out be the mostsu

essful leader in the understanding of the density waves in the 
ontext of planetaryrings�. (Lin)68�In hindsight, I think Lin's judgment was a

urate 
onsidering how qui
k people wereto atta
k his point of view with proofs of `antispiral theorems' and the like shortly afterthe publi
ation of LS64�. (Shu) 34



�The 
on
lusion in the working hypothesis is not proved or deu
e, but sup-ported by an a

umulation of theoreti
al analysis and empiri
al data. Theadoption of this working hypothesis is a very important step in the develop-ment of a theory of spiral stru
ture. It means that the authors are 
ommittedto ba
k it up with the 
omparison of subsequent predi
tions with observa-tional data.� (Lin)The 
oauthor to share Lin's fame and 
ommitment was his student FrankShu (Shu 1964)69 who �found it remarkable that a s
ientist trained as a pro-fessional mathemati
ian would pla
e higher priority on empiri
al fa
ts thandedu
tive reasoning� and believed that �it was this broad-mindedness and
lear vision that gave Lin a 
onsiderable advantage over his many 
ompeti-tors of the period� (Shu).70 The Lin and Shu paper �On the spiral stru
tureof disk galaxies� (Lin & Shu 1964, hereinafter LS64), in whi
h �they firstdemonstrated the plausibility of a purely gravitational theory for densitywaves by a 
ontinuum treatment� (Lin & Shu 1966, p.459), appeared inAugust 1964.7169�All the original ideas were C.C. Lin's, and my original 
ontributions were mainly to
he
k the equations that he wrote down and posed as problems. (I did find a way toderive the asymptoti
 relation between density and potential by atta
king the Poissonintegral dire
tly, but even there I initially blundered in not realizing the ne
essity of anabsolute value on the radial wavenumber. The final derivation presented in the appendixof LS64 is due to Lin). I did 
onsiderable reading, however, on the astronomi
al sideand may have 
ontributed some ideas 
on
erning how OB stars form and die in spiralarms. (This was the beginning of my lifelong interest in star formation.) Lin was indeedquite generous to in
lude me as a 
oauthor on LS64, and I will always be grateful for hisguidan
e and support of a young (I was 19 at the time) undergraduate student�. (Shu)70�Lin undoubtedly en
ouraged many of his younger 
olleagues � like Alar Toomre � tothink about the problem of spiral stru
ture. I 
an only imagine that Lin's treatment ofpeople then mu
h more junior than himself was equally as generous as his treatment ofmyself. Certainly, he must have dis
ussed with Alar Toomre (and later Chris Hunter) hisideas about this problem. Toomre's early papers on the subje
t a
knowledge this debt ofintrodu
tion and inspiration. Why then did those early papers not 
arry Lin's name as a
oauthor? I do not know, nor would I dare to probe (by asking either Lin or Toomre) forfear of opening old wounds that are best left 
losed�. (Shu)One way or another, no allian
e was formed between Lin and Toomre. They �divergedin emphasis from the very beginning�, so that �there were dis
ussions, but no real 
ollabo-ration� (Lin). As in agreement with this Toomre re
alls that ba
k again at MIT in spring1963 he did de
line Lin's �astonishing suggestion to write some su
h paper jointly, sin
e hehimself had 
ontributed almost nothing very 
on
retely to my gravitational (in)stabilityinsights, and yet also sin
e I likewise felt I had added next to nothing to his own spiral-wave hopes� (Toomre).71That the histori
al Lin & Shu arti
le was referred to as `Lin's (1963) preprint' byLayzer (1964) and as `Lin (1964)' by Toomre (1964) and Kalnajs (1965) as it was aboutto appear in the fall of 1964 speaks of its urgently extended 
oauthorship as Lin's lastmoment de
ision (so striking for a well-motivated and ambitious s
ientist).Anyway, the Lindblad (1964) paper, also 
onsidering quasi-stationary 
ir
ulation andthe resulting spirals in differentially rotating galaxies, appeared half a year prior to Lin'spatent. The authors had neither 
onta
ts nor fresh news on ea
h other's most parallelwork, and hardly 
ould have it. �There was no justifi
ation to trouble B. Lindblad with a35



The paper 
onsidered small non-axisymmetri
 disturban
es to a razor-thin 
old disk and found for them, through the governing hydrodynami
 andPoisson equations, wave-like solutions of the type
ψ(r, θ, t) = Re{ϕ(r) exp[i(ωt −mθ]}, ϕ(r) ≡ A(r) exp [iS(r)], (12)ea
h spe
ified by its eigenfun
tion ϕ(r) and a pair of eigenvalues ω and m.For further advan
ement, the WKBJ-method was applied. It is valid for the
ase of phase S(r) varying with radius mu
h faster than amplitude A(r),whi
h features the tightly wrapped spirals, ones of small pit
h angle betweenthe 
ir
umferential tangent and the tangent to the 
onstant-phase line

ωt−mθ = const. (13)Depending on the sign of a radial-wavenumber fun
tion k(r) = −∂S/∂r,the spirals are trailing (k > 0) or leading (k < 0) (Fig.8). With A(r)expanded in a series over a small parameter tani = m/kr (i being the pit
hangle), the problem is solved to the lowest, i-independent order negle
tingthe azimuthal for
e 
omponent of spiral gravity. In this 
ase, both leadingand trailing arms a
t as just rings, so that the ensuing dispersion relation
ν2 = 1 − |k|/kT , ν ≡ (ω −mΩ)/κ (14)substantially repeats Toomre's equation (5) for radial os
illations. Impor-tantly, relation (14) is valid for Re{ν2}≤1. This restri
ts the radial span ofthe WKBJ solutions, and in the neutral 
ase Im{ν}= 0 they gain the terri-tory between the Lindblad resonan
es determined by Eqn (11) and equatingthe angular speed of an m−armed spiral pattern to a 
ombination
Re{ω/m} ≡ Ωp = Ω(r) ∓ κ(r)

m
(15)with the minus/plus sign dis
riminating, respe
tively, between the ILR andOLR. The two-armed spirals thus seem preferred as best 
overing an entiredisk (Fig.9).novi
e being 
onverted, Lin explains. I was waiting for a definitive new predi
tion beforewriting to him. Even then I would have done it through P.O. Lindblad for several obviousreasons. Unfortunately, by the time our result 
ame out (IAU Symposium No 31) [seeSe
t.3.2℄ he already passed away� (Lin). Even less probable was any 
onta
t-making stepfrom the other side. �About that time [fall of 1964℄ my father was on a trip around theworld 
aused by the inauguration of the Parkes teles
ope in Australia, P.O. Lindbladre
alls. On his way home he passed through the US [. . . ℄ but he brought no news aboutdensity wave theories. [. . . ℄ I think my father was aware of the existen
e of the LS64paper but had not had the time to penetrate it. I know that he was happy to learn fromWhitney Shane, who visited us around the beginning of June 1965, that his work on spiralstru
ture had been more and more appre
iated re
ently�. (P.O. Lindblad)36



Figure 8: The WKBJ approximation and the tightly wrapped spiral waves. kr ≡ k and
kθ ≪ k are the 
omponents of the lo
al wavenumber k . λ = 2π/k determines the radialinterarm spa
ing; it is small 
ompared to the gala
to
entri
 distan
e r sin
e kr ≫ 1 (whi
his equivalent to small pit
h angles i ≪ 1).Su
h was the mathemati
al basis of the original Lin-Shu density-wavetheory, 
alled elementary by its authors any later (e.g. Bertin & Lin 1996,p.229). It treated wave quantities Ωp, γ, and m as free parameters burdenedwith no dynami
al imposition, whi
h made the theory so 
omfortable inimitating spiral grand designs by means of the 
urves r(θ) given by

m(θ − θ0) = −
r

∫

r0

kTRe{1 − ν2}dr (16)and obtained through the integration of expressions (13) and (14). Sure,the results of this pro
edure were 
ontrovertible, already be
ause the fast -growing waves � exa
tly those examined in LS64 � ruled out the pro
laimedquasi-stationarity.72 But the authors hoped that random motions, ex
ludedfrom their analysis, would in fa
t stave off disk instability as definitivelyas to impose a state of near-stability open for slowly growing modes until asmall but finite amplitude.Toomre (1964) had refle
ted already on su
h a state of Q ∼= 1 as settlingon
e all over the disk-like stellar Galaxy, but yet he found it stable still,at least in our solar region. As a 
ounterpoise, Lin with Shu diagnosedinstability for another region, at about r0 = 4 − 5 kp
 from the 
enter.With that, they pi
tured �a gala
ti
 disk, whi
h is in part stable and in partunstable� and suggested �the possibility of a balan
e resulting in a neutraldensity wave extending over the whole disk and having a s
ale of the orderof (but smaller than) the distan
e between the stable and unstable regions�72To soundly fit the empiri
al 2-3 kp
 lo
al-arm spa
ing in the Milky Way, LS64 
hosea 
ombination of angular speed Ωp = 10km/s/kp
 and growth rate γ = 50km/s/kp
 (!)for their tentative two-armed spiral. 37



Figure 9: The Lindblad resonan
es as 
onfining the region a

essible for the tightlywrapped spiral waves. (a) � a rotation 
urve for a galaxy disk and its 
orresponding
orotation and m = 2, 4 Lindblad resonan
es; (b) � the 
o-s
aled view of the two and fourarmed tightly wrapped spirals.(LS64, p. 651). It was this �suggestion of the possibility� that summarizedLin's early refle
tions and made his basi
 working hypothesis originally soundas a statement that�the total stellar population, whi
h has various degrees of velo
ity disper-sion, forms a quasi-stationary spiral stru
ture in spa
e of the general naturedis
ussed above� (LS64, p.651).As we 
an see, this statement hinges almost entirely on the opinion that,38



for our gala
ti
 disk to be equally stable at that r0, the velo
ity dispersionmust there ex
eed cr,min
∼= 80 ± 10 km/s, whi
h 
annot be the 
ase, else�a 
onsiderable number of stars with high radial velo
ities would rea
h ourneighborhood from the interior part of the Galaxy, 
ontrary to observationaleviden
e� (LS64, p.651). But was this opinion (the authors never repeatedit) strong enough? First, it meant an in
on
eivable situation when somemassive portion of a stellar galaxy remains unstable during all the periodof formation in it of a global quasi-steady pattern. Se
ondly, and mostimportant for astronomers, it had � already in 1964 � grave obje
tions to thefa
t that the largest epi
y
li
 defle
tion of the Lin-Shu �high radial velo
itystars� from their `home' radius r0 = 4− 5 kp
, equaled to ∆r ∼= r0cr/V0

√
2,was in frames of S
hmidt's model (
ited in LS64) 1−1.5 kp
 only � too littleto let those stars even 
ome 
lose from r0, if not rea
h us. We find that theoriginal QSSS hypothesis of Lin and Shu, 
alled nowadays �a preliminaryformulation� only (Bertin & Lin 1996, p.80), rested on a rather weak basis,both dynami
al and empiri
al.Very interesting in LS64 is the authors' noti
e on what had made theirwork get to print so urgently. A passage following their opening dis
ussionof �at least two possible types of spiral theories�, one of whi
h �is to asso
iateevery spiral arm with a given body of matter � and the other �is to regard thespiral stru
ture as a [quasi-steady℄ wave pattern�, reads:�Toomre tends to favor the first of the possibilities des
ribed above. In hispoint of view, the material 
lumping is periodi
ally destroyed by differentialrotation and regenerated by gravitational instability.73 [. . . ℄ The presentauthors favor the se
ond point of view [. . . ℄ Sin
e A. Toomre's (1964) pointof view has been published, it seems desirable to publish our point of vieweven though the work is not yet as 
omplete as the present writers wouldwish to have it.� (LS64, p.646)This puzzles. Although it is true that from about 1962 onward Toomresuspe
ted � mu
h as Lynden-Bell had already done in his thesis two yearsearlier, as it turned out � that at least the more ragged-looking spiral stru
-tures result primarily from re
urrent gravitational instabilities in the plainlydissipative gas layer of a galaxy (Toomre), there was no expli
it dis
ussionof any su
h suspi
ions in T64 as a
tually published. One 
annot help butthink that this a

entuated mention of `Toomre (1964)' was more than justa mistaken referen
e, that a
tually it betrayed the influen
e that at least the
ited paper had on Lin.Shu: �Here, I 
an only spe
ulate, be
ause 
ertainly my foresight then was notas sharply developed as Lin's. Nor was I privy to the developing estrange-ment between him and Alar Toomre. [. . . ℄ Lin had been thinking about the73�The prevalent thinking among the other prominent theorists of the time � and thisin
luded Alar Toomre � was that spiral stru
ture was a 
haoti
 and regenerative phe-nomenon � `shearing bits and pie
es', as Alar later put it in one of his papers�. (Shu)39



problem of spiral stru
ture nonstop sin
e the Prin
eton 
onferen
e in 1961.But he had a world-renowned reputation to prote
t and therefore was loatheto publish anything hasty before he had worked out his ideas mathemati
allyto his satisfa
tion. [. . . ℄ Lin (and later, I) felt strongly that spiral stru
turewas, in essen
e, a normal mode. But by all the standards of what was thenknown, a normal mode 
ould not be spiral (unless it grew ridi
ulously fast).Nevertheless, Lin felt sure that one should not do the naive thing of superim-posing equal trailing and leading parts when the wave frequen
y is (nearly)real. And he probably wanted to dis
over the reason why before publishinganything. Alar's 1964 paper triggered him into premature a
tion�. (Shu)Lin: �The urgen
y in my submittal of our paper was to present a differentperspe
tive, not to fight for priority�. �After reviewing the paper again, Ithink I 
ould not have done mu
h better or even any better�. (Lin)One way or another, we see that by 1964 Lin indeed had had severalthoughts and feelings about spiral modes, and he was eager about gainingpower to his perspe
tive. At that, he knew of a growing optimism withshearing or evolving density waves74 and, as well, of the parallel wave-modeinterest at Harvard. The T64 paper75 , apart from its engagements on diskstability, did mention Kalnajs' advan
ing efforts and, still more glaringly,it also mentioned and already dis
ussed Lin's yet unpublished solutions.76This must have put Lin in a position to urgently patent his views, albeitmakeshift in argument for want of better mathemati
s, and in so doing herather awkwardly exhibited the opponents' preo

upations as an alternativealready pla
ed on re
ord.
74Goldrei
h and Lynden-Bell in England and Julian and Toomre at MIT set to workon this by 1964.75The revised version of T64 was submitted in January 1964.76Toomre 
on
luded that �whatever differen
es there may exist between the shorteraxisymmetri
 and non-axisymmetri
 disturban
es, these must in essen
e be due only tothe 
ir
umstan
e of differential rotation� (T64, p.1223). In Lin's hands, in 
ontrast,this `
ir
umstan
e' still allowed the dispersion relation (14) for non-axisymmetri
 wavesto be rather 
lose to its axisymmetri
 analog (5), although the waves stood as steady-mode solutions of the WKBJ type. Yet, as well, the governing equations admitted an�altogether different family of approximate non-axisymmetri
 solutions� (T64, p.1223),with the radial wavenumber proportional to the disk shear rate A(Oort's 
onstant), andgrowing with time, kr ∝ At. This meant that a spiral disturban
e of the leading form(t < 0) unwrapped, started trailing, and then wrapped tighter and tighter (t > 0). Thusthe point was that, on the one hand, differential rotation 
ontinuously deforms eventhe tightly-wound spiral waves of this sort, whereas, on the other hand, these �shouldprobably be regarded as parti
ular superpositions of Lin's solutions� (T64, p.1223). Thisdis
ordan
e was thought to be removed by a fuller analysis beyond the WKBJ-limit.40



3.2 A definitive (?) new predi
tionA desirable feature of the WKBJ waves is their mathemati
alsimpli
ity; their physi
al relevan
e to the `grand design' of aspiral galaxy is less transparent. Kalnajs 1971, p.275�Just how mu
h did Kalnajs' study of axisymmetri
 os
illations influen
eour work? The simple answer is: very little, if at all� (Lin). Su
h is Lin'sjudgment regarding the results he had set out in the summer of 1965.77Those got out of the printer in no less than one year (Lin 1966, 1967a),but an abridged and slightly updated version appeared as soon as February1966, having be
ome an �Outline of a theory of density waves� by Lin andShu (1966), labeled `Paper II'.The three issues reported a WKBJ-styled dispersion relation for therazor-thin hot disk,
ν2 = 1 − |k|/kT · Fν(x),

Fν(x) =
1 − ν2

x



1 − πν

sinπν

1

2π

π
∫

−π

e−x(1+cos s) cos νsds



. (17)From its Kalnajs' axisymmetri
 analog (9)-(10) it differed in the Dopplershift in
luded in ν and in the form of the redu
tion fa
tor Fν(x).78 It wasan idea of some su
h dispersion relation, Lin and Shu (1966) remarked, that77Lin presented his first hot-disk results in June 1965 at a summer s
hool at the CornellUniversity and at a mathemati
al symposium at the Courant Institute. These materialswere published in two extensive arti
les (Lin 1966, 1967a) submitted in July. �I re
allbe
oming aware of the relationship with the work of Kalnajs only when he brought up theissue in 
onne
tion with Frank Shu's thesis presentation. I immediately re
ognized thatthere would probably be a way to make the 
onne
tion through the appli
ation of theMittag-Leffler theorem. Note that it is easy to derive the Kalnajs form from our integralform, but diffi
ult to reverse the pro
ess. And our numeri
al 
al
ulations depended onthe simple integral, sin
e it was a time when large s
ale use of the 
omputer was not yetavailable in a mathemati
s department. (I still remember the painful experien
e whenmy request � as 
hairman of the 
ommittee on applied mathemati
s � for a 
omputer wasturned down, even though the department had the funds. [. . . ℄ Kalnajs might have beenable to 
he
k the 
al
ulations with his infinite series through the use of the 
omputer.)�(Lin)78�I have little knowledge but I make this 
onje
ture: Kalnajs was studying axisymmet-ri
 os
illations, not standing waves of the spiral form, and obtained his results throughthe use of results for analogous os
illations in plasma waves. (I learned a lot about plasmaphysi
s only after Y.Y. Lau joined our resear
h group.)� (Lin)41



had fed originally (LS64) their insight in the disk-stabilizing role of randommotions.79But an important dynami
al, not 
hronologi
al, point was that the hotrotating disk was seen to 
ondu
t radial and spiral waves rather distin
tly.Given a state of marginal stability, the os
illatory radial neutral mode ν =
ω/κ = 0 is well maintained by it along its medium radii (dying out at large
r's),80 the lo
al wavelength fun
tion λ0(r) depending on mass and angularmomentum distributions. In 
ontrast, the spiral wave 
annot be neutral asextendibly: its Doppler-shifted frequen
y ω−mΩ(r) gets r−dependent. Thisties the neutrality 
ondition ν = (ω − mΩ)/κ = 0 to a narrow 
orotationzone of r ∼= rc, and there only 
an the interarm spa
ing λ(r) equal λ0(r),the rest of disk getting more and more stable against the wave as one travelsaway from rc in or out. If so, why not to try to juxtapose the basi
 Lin-Shu
on
ept of a balan
e and the solar-region stability inferen
e by Toomre? Forthis, it seems suffi
ient to send 
orotation way beyond � to an outer diskregion supposedly as permissive to marginal stability as to admit it � andto 
an
el all instability inside that rc in favor of Q ≥ 1. Lin and Shu didseem to have followed this way. Moreover, they adopted a Q ≡ 1 model(dis
ussed already in T64), being 
aptured by a pi
ture of overstability, i.e.gradient instability held to mildly develop over the system and to providesome sele
tive amplifi
ation of trailing, not leading, waves.Besides, relation (17) tells ν(k) to de
rease with wavenumber till k re-mains under some k0, and then to rise up at k → ∞ ba
k to unity. Anyintermediate value of ν is met thus twi
e, meaning two bran
hes of WKBJsolutions, the shorter- and the longer-wave ones, their forms r(θ) being pro-vided by equation (16) with Fν(x) added in the integrand denominator. If
Q ≡ 1, the bran
hes join at 
orotation, showing there equal interarm spa
-ings λsw(rc) = λlw(rc) = λ0(rc). This value is the largest (smallest) for the79Lin agreed that the dispersion relation was already derived by Kalnajs �in the spe
ial
ase of axially symmetri
al disturban
es�, but �by a quite different method� and �indepen-dently of the work of the author� (Lin 1966, p.902). He 
ertainly appeared rather sensitiveon the point of independen
e, beginning his spiral studies. His first appraisal of Lindblad'slong-term emphasis on steady spirals was: �Indeed, independently of ea
h other, B. Lind-blad (1963) and the present writer 
ame to the same suggestion of a quasi-stationaryspiral stru
ture of the stars in a disk galaxy� (Lin 1966, p.898). Again, referring timeand again to different methods adopted by him and his various 
ompetitors, Lin foundit diffi
ult to 
losely 
ompare those related issues. But, for example, Lynden-Bell (1962)and Toomre (1964) had used the same 
hara
teristi
s method as that taken in 1965 byLin, with whi
h he basi
ally re-derived, again independently, this time from Toomre, that
ru
ial differential equation of `asymptoti
' disk-stability and density-wave theories (
f.Eqn (53) from T64 with Eqn (7.15) in Lin 1966 and Eqn (À20) in Lin et al 1969), nothaving mentioned its fa
tual use by his next-door institute 
olleague.80Su
h behavior is well seen on Fig.3 from T64 showing results of numeri
al 
al
ulationsof global radial modes for some illustrative 
old-disk model.42



Figure 10: The short-wave bran
h of the dispersion relation (17) for a Q = 1 disk model.(The figure is reprodu
ed from Lin & Shu 1967)shortwave (longwave) bran
h: λsw(r) falls down until zero (λlw(r) → ∞) asone goes from 
orotation to ILR. Aimed from the outset at explaining theobserved 2-3 kp
 lo
al spa
ings, Lin got tempted to a
knowledge the short-wave bran
h, the more so as, not to forget, in 1964 he had had no 
hoi
ewhen having to 
omment on this same gas-given spa
ing on the basis of re-lation (14) that seized but one � long-wave (!) � bran
h.81 But things didnot get all as 
lear by 1966, and this is why neither Lin (1966, 1967a) norLin and Shu (1966) were eager to go into the wave-bran
h question, keepingsilent about any graphi
 view of their newer formula. Only at the Noord-wijk IAU Symposium (August, 1966) they gave a graph, it displayed theshort-wave-bran
h extension of the λ(ν) 
urve (Fig.10) on whi
h they builta model for the full spiral of our Galaxy (Fig.11), tentatively two-armed andanswered by a remote 
orotation (Lin & Shu (1967).82 Spirals of this 
lassshow as slow a rotation as to almost guarantee the ILRs be present and liein a relative proximity from the 
enter. Namely, Lin and Shu 
onne
ted our`home' m= 2 ILR with the `3-kp
 arm' whi
h fixed the spiral pattern speed
Ωp = 11 km/s/kp
.�My earliest re
olle
tion of realizing that there were separate long and shortbran
hes 
ame when I was doing the numeri
al 
al
ulations for the spiralpattern that Lin wished to show at the Noordwijk symposium. As I re
all,he was in the Netherlands and I remained behind at Harvard, and we 
orre-sponded by mail. I was 
onsiderably 
onfused by whi
h of the two bran
hes81LS64 had assumed that be
ause not all the stars but only those with smallest randomvelo
ities per
eptibly 
ontribute to the response of a disk, its effe
tive surfa
e densitymust be several times less than its full value.82�This was my first meeting with the distinguished astronomers who made all theimportant observations related to spiral stru
ture, many of whom worked under Oort'sdire
tion. Here we presented our first predi
tion of the spiral stru
ture of the Milky Way,whi
h remained to be an approximate representation, as indi
ated by Yuan's 
ontinualrefinement over the years�. (Lin) 43



Figure 11: The Lin-Shu model for the Gala
ti
 spiral density wave. The model is
al
ulated with the help of the dispersion 
urve in Fig.10. The dashed line shows theILR region taken to be the residen
e of the `3-kp
 arm'. This provides the pattern speed
Ωp = 11 km/s/kp
. (The figure is reprodu
ed from Lin & Shu 1967)should be used to generate spiral patterns (I had realized that a `redu
tionfa
tor' applied to our 1964 formula was an in
omplete des
ription, and thatlong and short waves were impli
it to Toomre's evaluation of a 
riti
al Q foraxisymmetri
 disturban
es). Finally, Lin suggested that we should simply
hoose the short bran
h by fiat as the pra
ti
al thing to do given the pressof the Noordwijk presentation, and we were left to try to sort things outlater. That's my memory of the events�.83 (Shu)The Noordwijk diagram has been the first presentation of our MilkyWay's density wave.83�Lin and Shu 1966 emphasis upon (and the dispersion relation for) the short-wavebran
h of nearly axisymmetri
 WKBJ-style density waves, whi
h is something thatKalnajs (1965) also knew from his thesis but failed to emphasize nearly as adequately, es-
aped me altogether even though the same for the long-wave bran
h as well as the stability
riterion were plain as day from T64 � and to a more limited extent even from Safronov(1960a,b), as I often agreed in retrospe
t. I think my trouble was that my own ongoingwork then with Julian (Julian & Toomre 1966) [...℄ had also sensitized me to the severityof phase mixing. [...℄ Looking ba
k, this made me suspe
t until well into 1965 that allshort stellar-dynami
al waves, unlike their over-idealized gas equivalents, would in fa
t bestrongly damped and were probably not of mu
h value. And right there I have 
heerfullyagreed for about 34 years now that Lin and Shu (and as an independent authority alsoKalnajs, not at all to be omitted) together proved me to have been spe
ta
ularly wrong�.(Toomre) 44



AfterwordAs we have seen here, understanding the spiral stru
ture of galaxies tookmany twists and turns even in the hands of Bertil Lindblad who seemsrightly regarded the main father of this whole subje
t. By the early 1960s,with the arrival of 
omputers, plasma physi
s and several fresh investigators,it entered a new period of unusually vigorous a
tivity, not always very unitedor monothemati
, but broadly grouped under the umbrella marked `density-wave theory'. Its foremost enthusiast and proponent was undoubtedly C.C.Lin, whose 1964 and 1966 papers with Shu had a big and immediate impa
tupon other astronomers, at least as a wel
ome sign that genuine understand-ing of the spiral phenomenon seemed in some sense to be just around the
orner.In retrospe
t, even Lin o

asionally let himself get 
arried away with toomu
h enthusiasm as for instan
e when he wrote in his 1967 review arti
lethat his relatively exploratory work with Shu had already led to a �theoryfree from the kinemati
al diffi
ulty of differential rotation�, or that it �enablesus to provide a me
hanism to explain the existen
e of a spiral pattern overthe whole disk while allowing the individual spiral arms to be broken andfragmentary� (Lin 1967b, p.462). Already at the time su
h optimism wasnot entirely shared by other experts. And by the late 1960s � as we shall seein Paper II � it had be
ome very 
lear to everyone that mu
h hard work stillremained to explain even the persisten
e, mu
h less the dynami
al origins,of the variety of spirals that we observe.
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