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List of Standard Rotations and Abbreviations. 

A = Paper A of this series, cf. Ref. l . 
I = Paper I „ „ „ , cf. Ref. 2 . 
II = Paper II „ „ „ , cf. Ref. 3 . 
C. G. S. units used except when explicit ly stated otherwise. 
po = molecular weight . 
d = density of nucleus (solid, or liquid). 
Q = density of the atmosphere ; Q = Q0 for H = 0. 
y = densi ty of coma. 
C1, c-I = specific heats in solid, resp. liquid state. 
/ '=Ia tent heat of fus ion. 
h = latent heat of vaporization. 
Q1 = heat up to, and including fusion, erg/gr. 
(h = ^eat from fusion to vaporization. 
<1 = 'Ia + 1I-I-
P = pressure of vapours. 
D = density of vapours . 
£ = Lntensity of vaporization (mass vaporized per cm 2 and sec). 
p, Pn ~ total aerodynatnic pressure, and i ts normal component. 
ps — ave rage aerodynamic res i s tance per cm 2 of cross-section. 
a = angle of incidence of the air molecules. 
k, x — fraction of the relative kinet ic energy of the air mole-

cules, available for heat ing the nucleus. 
x0 = value of x for direct (unshielded) impact into the meteor 

nucleus. 
d = thickness of a layer of vapours, or air, measured in units 

of the kinetic balf-energy range . 
E = heat generated by aerodynamic work and transported per 

second toward the nucleus. 
j P = total heat generated by aerodynamic work and absorbed 

per cm2 cross-section of the nucleus. 
M = air mass t raversed by cm 2 of the cross-section of the 

meteor. 
l* 
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B = pressure in the atmosphere (barometric pressure). 
g = acceleration of g r a v i t y . 
Zr = zenithal angle of incidence of meteor t ra jectory (zenith 

distance of the radiant point). 
H — height. 
H0 = dif ference in height for an atmospheric densi ty ratio e : 1. 
,H10 = Same, for a densi ty ratio 10 :1 . 
L = Iength of vis ible trail. 
E = radius, R 0 = initial radius of a spherical nucleus. 
r = radius of the drop-fragment, detached by f i s s u r e or spray ing . 
(̂  = intens i ty of black body radiation. 
T = absolute temperature. 
Jc =s S t e f a n ' s c o n s t a n t ; a l s o d i f fe rentcoef f ic ients of proportionalily. 
w = velocity of the meteor; = initial velocity. 
Ml1 = Yelocity of sound. 
Ue ~ equatorial velocity of the rotation of the nucleus. 
M = proportion of air admixed to coma. 
oj = angular velocity of rotation. 
a = sur face tension of liquid. 
^ = Coefficient of v iscosi ty of the liquid. 
Ict = couductivi ty for heat. 

= liquefied fraction of the mass of the nucleus. 
A0 = kinetic half-energy range. 
et, CLm = air mass accumulated in air cap, gr/cm 2. 
m = apparent magni tude of meteor; ^ 0 = absolute m a g n i t u d e ; 

Mi^=Zenithal magni tude. 
/? = visual eff iciency, or fraction of kinetic energy converted 

into visible radiation. 
Sc = fraction of secondary atomic collisions taking place within 

the coma. 
J = absolute luminosity (visual). 



Basis of the Physical Tlieory of Meteor 
Phenomenax). 

Abstraet. 

The present paper prepares a foundation for the general 
theory of meteor phenomena. 

Probable values of the physical constants for the meteor 
substance are adopted. Formulae, valid for low atmospheric 
densities when no air cap is formed, are given for the aerodynamic 
pressure and work. 

A f i r s t approximation theory is applied for the purpose of 
obtaining estimates of the physical conditions in meteors of 
different size, velocity, and composition. The f i r s t approximation 
formulae may be used for a study of observational da tare fe r r ing 
to the dependence of the mean height of meteors upon velocity 
and magnitude, and to estimates of the density gradient of 
the atmosphere; absolute estimates of the density of the atmo-
sphere, and the calculation of the range in height for meteors 
cannot be made with suff icient reliabil ity on the basis of the 
f i r s t approximation. 

Fissure of the molten meteor as well as the spraying of 
the liquid during the process of fusion are found to play an 
1Hiportant roie in meteor phenomena; conditions of f i s s u r e and 
spraying are investigated, the viscosity of the liquid being one 
of the chief parameters. Rotation influencing spraying deter-
mines the character of the meteor display. 

Conditions of the formation of an air cap, of the heat 
transfer within the nucleus under dif ferent conditions, and 

1) Continued frorn 1, und :J. 
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various other phenomena are investigated. The upper limit of 
size for meteor dust caught by the terrestria] atmosphere with-
out get t ing vaporized is estimated. 

Tlie conditions of radiation by atomic collisions are investi-
ga ted; for most naked-eye meteors except the very brightest 
the degree of dilution of the coma is found to be such that 
secondary collisions mostly happen in the free atmosphere 
instead of taking place between the atoms of the vaporized 
meteorsubstance; th i s resu l t i s essential for quantitative estimates 
of the radiation from meteors. 

The shielding effect of meteor vapours with respect to 
the flow of heat toward the nucleus is inves t iga ted; the shield-
ing effect increases with the velocity and size of the 
meteor; for actual conditions the shielding effect is a lways 
only slight. 

Three typical problems, for numerical treatment in a 
second approximation theory, are outlined (cf. Synopsis) on the 
basis of the scope of our estimates. 

Introduction. 

The interpretation of meteor observations requires as a 
basis a sound physical theory of meteor phenomena taking 
place during the fIight of the meteor in our atmosphere. With 
such a purpose in view the present research was undertaken. 

The problem is rather complicated and m u s t b e approached 
by consecutive approximations. Tlie f i r s t step is an approximate 
theory where the radiation losses of the meteor nucleus, pheno-
mena connected with capillarity, viscosity, and conductivity 
for heat, as well as rotation, are neglected; this framework 
theory, simple enough for direct analytical treatment, furnishes 
preliminary estimates of the physical conditions at dif ferent 
points of the meteor trajectory, estimates which are necessary 
for deciding such questions as whether a liquid drop breaks 
into pieces, or not, etc.; these estimates serve, so to speak, as 
t raf f ic s ignals in developing the detailed numerical theory 
which forms the next step of our task. Some principles of our 
framework theory have been already published and applied eise-
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where 1 , and in many cases the approximate theory works well. 
On the other hand, such a problem as a sat is factory theory of 
the average l ight curve of a meteor can generally be solved 
only by numerical methods. 

The physical theory of meteor phenomena may be divided 
into the following three major problems. 

Problem l : the theory of the f l i g h t of the meteor in the 
upper atmosphere without formation of an "air cap"; the meteor 
nucleus is bombarded by Single air molecules directly, because 
their mean free path is large as compared with the depth of 
the air layer accumulated in front of the nucleus; practically 
all "naked eye" meteors up to very bright f i rebal l s 1 ) remain 
within the limits of this problem, never reaching portions of 
the atmosphere dense enough for the formation of an air cap; 
in this case the deceleration of the meteor even near the end 
point of its trajectory is small and may be neglected in most 
cases. 

Problem 2: the theory of the f l ight of the meteor with the 
formation of an air cap. The latter shields the meteor from 
excessive heating and favours the penetration of the meteor 
into the atmosphere, in some cases making it possible for rem-
nants of the nucleus to reach the ground; deceleration m a y b e 
very considerable in this case; this problem refers to fire-balls 
of the brightness of the moon and brighter, and particularly to 
meteorite falls. 

Problem 3: the theory of the impact of a meteorite on 
solid ground 2 . This problem is concerned chiefly with the 
formation of meteor craters, although the theory of small meteors 
needs some of the results of the theory of impact, namely those 
referr ing to rotation 3 . 

With our special purpose in view, in the present paper 
we shall confine ourselves to Problem 1 exclusively. 

A brief review of earlier work on the theory of naked eye 
meteors has been given in A2). Of the former theories, Sparrow's 
w o r k 4 must be regarded as the most successful . A recent 
contribution by the Iate Dr. F i sher 6 deals chiefly with Problem 2. 

1) cf. Section 3. c below. 
2) cf. pp. 5—6. 
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A complete theory of observable meteor phenomena can 
be built up only on the bas i s of a knowledge of the s t ructure 
of the upper atmosphere. Now, this s t r u c t u r e is y e t unknown 
to u s ; we rather expect to learn something about the s t ructure 
from meteor observat ions. Our meteor theory therefore must 
be adjustable to a considerable extent ; it must not be bound 
to some part icular model of the upper atmosphere. Actually 
we describe below a kind of s tandard theory, re fe r r ing to an 
arb i t rary constant logar i thmic density gradient of the atmo-
sphere ; with the aid of this s tandard theory it may be possible, 
at least with a good degree of approximation, to build up a 
theory for an atmosphere of a rb i t rary s t ructure . An iron sphere 
was taken as the priucipal basic model in our calculations, the 
physical properties of iron at elevated temperatures being known 
better than those of meteor stones. The probable di f ference 
in the behaviour of s tone meteorites is sketched in general 
outline. A s to the probable non-sphericity of actual meteors, 
110 fundamental qualitative di f ference can be produced in our 
theory by this c ircumstauce. However, the absolute height of 
meteors may be considerably inf luenced by their shape, a cir-
cumstance which must be kept in mind when dealing wi th 
meteor s t reams such as the Perseids, or Leonids 3 . 

S e c t i o n 1. 

General IMiysical Data and Formulae. 

The data were taken mostly from Landolt-Börns te in ' sTables , 
also f rom the I n t e r n a t i o n a l Crit ical Tab les and Smi thson ian 
Physica l Tab les ; they are also pa r t ly g u e s s e d f rom genera l 
physical cons idera t ions . CGS u n i t s and abso lu te t e m p e r a t u r e s 
everywhere used . 

a. Adopted numerical data for iron. 

Densi ty õ — 7.8; molecular w e i g h t 56 = atomic weight . 
Melting point 1800°; boi l ing point 3508°; average specific 

heat of solid C1 = O X IO6 (erg/gr. deg), of liquid c,2 = 7 . 5 X 1 ° 6 ; 
latent heat of fus ion f= 2.7X10°, of vaporization A = 6 . 0 X i ° 1 0 

(erg/gr). 
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T a b l e I. 
Pressure (P), density (D), maximum f low (f) of saturated 

iron vapours, and black body radiation (Q). 

T 1800° 2000° 2200° 2400° 2600° 2800° 
dvnes 

P 40.7 321 1766 7140 23 400 64 600 
CIll-' 

D -c® 3 1.55 X IO-8 1.10X 10-7 5 . 5 0 X 1 0 - 7 2 .04X10-6 6.17X10- ( i 1 . 5 S X 1 0 " 5 

C — . r 1 — 6.24 X IO-4 4.67 X 10~3 2.46 X' 10~2 9.50 X 10-2 0.298 0.794 - Cmi • see / x x 

Q - ^ e - - 5.99X10« 9.12 X IOs 1.34X10 9 l . ^ X 1"'-' 2.60X10 9 3 .50X10 9 

cm*" • s G c 

T 3000° 3200° 3400° 3600° 3800" 

P 1.59 X IO5 3.54 X IO5 6.85 XIO 5 1.29 X IO6 2.26X10 , ; 

I) 3.63 X IO-0 7.59 X IO-5 1.38 X 1 0 ^ 2.46 X IO"4 4.07 X IO ' 4 

c 1.890 4.07 7.65 14.0 23.8 

Q 4.61 X IO9 6.00 X l O 9 7.64 X IO9 9.60 X IO9 1.19 X IO10 

The maximum flow, c, is the maximum amount vaporized per 
cm2 of surface; this quantity is computed from the adiabatic 
formula 

R t V 1 ( ) - 4 P 
I = 0.654 M0D = 950 VTD = -" . . . (1), 

VT 
where u0 is the velocity of sound. The amount lost by vapor-
ization is a lways equal to f when the ratio of vapour pressure 

p 
to external pressure, y , exceeds 2.05; for smaller ratios the vapor-

e 

P 1 ll} 

ized amount is roughly proportional to j y v y — 1 ? thus it 

varies slowly x). Por meteors, we may assume the amount vapor-
ized per cm'2 and second equal to £ with a fair degree of 

approximation, when -p^>l, and equal to zero, w h e n ~ < i . 
6 e 

Pv 
1) with p =1.1 only, the flow still amounts to about 0.55 c. 
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Ef fect ive surface tension, o = 950 (dyne/cm) (observed 950 to 
997) near the temperature of f u s i o n ; at ef fect ive temperatures 
of vaporization of meteors o may be smaller, about 850. 

Viscos i ty of the liquid at vaporization temperatures small, 

of the order of v = 0.01 I d y n e 

\ cm- / 
Conductivity for heat l c t ~ 4 X 1°6-

b. Adopted numerical data for meteoric stone. 

Density 3.4. A v e r a g e atomic w e i g h t = 28 l ) . Averagecomposit ion 
(Noddack) (including 5.5% TroTlite): 

0 = 39.8%; Mg = 15.1%; Si = 20.3%; Fe = 15.4%; S = 3 . 8 % ; 
Al = 1 . 5 % ; C a = I . 8 % ; Na = 0 .7%; all remaining 
elements = 1.6%. 

The d i f ferent minerals dur ing vaporization are supposed 
to be dissociated into simple oxides; iron oxides, with their low 
energies of binding, must be completely dissociated; with the 
a v e r a g e composition by weight as g iven above th i s g ives the 
fo l lowing schematical composition of the vapours : S i 0 2 = 4 3 . 5 % ; 
MgO = 2 5 . 1 % ; CaO = 2 .5%; Fe = 15.4%; S 2 = 3 .8%; O2 = 3 .8%; 
Al 2O 3 = 3 .2%; Na2O = 0.9%; rest 1.8%. T h e s e f i g u r e s l e a d t o a n 
average molecular w e i g h t of the vapours /̂  = 52. 

Melting point of Olivine from 1600° to 2000°, of Troilite 
1470°; of d i f ferent other minerals occurring in meteors from 
1450° to 1800°. The effect ive mel t ing point of a stone meteor 
apparently does not d i f fer much from the melt ing point of 
iron, 1800°. 

The ef fect ive boiling point (at 760 mm pressure) is deter-
mined by the boiling points of the simple consti tuents into 
which the minerals probably are decomposed d u r i n g the process 
of vaporization, and before i t : SiO2, b. p. 2500°; MgO, b.p.3070° : 
CaO, b. p. 3120°; Fe, b. p. 3508°; the e f fect ive boiling point may 
be assumed about 3000°, thus lower than for iron. The curve 
of vapour pressure probably runs f la t ter than for iron because 
of the various const i tuents which are volatilized step by step as 
the temperature r ises. 

A v e r a g e specif ic heat of solid C1 = L l X l O 7 ; of l iquid 
c2 = 1.3 X IO7; for the latent heat of fusion no data are available ; 

1) Tlxe average is computed weighting by relative proportion of weight, 
and not by relative number of atoms. 



A XXXIII. i Theory of Meteor Phenomena 11 

a s s u m i n g it equal to the heat of fusion of Li2SiO3, w e get as a 
g u e s s / = 3.4 X (erg/gr). T h e l a t e n t heat of vaporization can 
be es t imated f rom Trouton's law wi th more cer ta inty ; applying 
this law separately to the const i tuents SiO2, MgO, etc., and adding 

about 200 c a ^ for the heat of dissociation of si l icates (aquant i ty 
S r 

est imated from the known thermochemical data of a fewsi l icates) , 
we get Ä = 5 . 6 X l 0 1 0 (with an uncer ta in ty of perhaps ± 10 per 
cent). 

Por sur face tension 0 = 400 (dJ^ e) may be a fa i r g u e s s at 

fusion, and g = 3 6 0 at temperatures of volatilization. 
The viscosi ty of molten si l icates is known to be very large ; 

in Landolt-Börnstein we f ind for a r t i f ic ia l Diopside (group of 
Pyroxenes , common in meteor i tes ) at T= 1553°, ^ = 106 and at 
T= 1573°, v = 33; these va lues refer to temperatures close to 
the melting point; unfortunately we are unable to make any 
reliable est imate of the v i scos i ty at the temperatures of volatili-
zation, about 2500°; it is not probable t h a t t h e v iscos i ty continues 
decreas ing as f a s t as it does near the melt ing point; we may 
set the fo l lowing probable limits for the ef fect ive viscosity of 
the liquid at volatil ization: 1 0 > f > 0 . 1 . Oonductivity for heat 
kt = 2 X 10õ-

c. Radiation from the nucleus. 

The total loss by radiation from the nucleus (solid or liquid) 
i.s g iven by Ste fan ' s formula 

Q = IcTi, where Tc = 5.7 X 1 ( i" 5 . . . . (2). 
' cm^.sec v ' 

Values of Q are g iven in Table I. 
W e notice that the radiation from the nucleus is of l i tt le 

s ignif icance in producing observable rad ia t ion 1 ) ; nevertheless , 
radiation losses must be considered in a detailed meteor theory 
because of their inf luence upon the balance of heat of the 
nucleus. 

d. Aerodynamic resistance and coefficient of accomodation. 

In the absence of an air cap, i. e. of hydrodynamic stream • 
lines, each molecule of the air hits the nucleus of the meteor 
directly and rebounds independently of other air molecules; the 

1) cf . 1 and earlier authors. 
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theory of air res i s tance in such a case leads invar iably to the 
Square law of velocity, whatever the velocity is. 

Let p denote the total aerodynamic pressure, pn i t scomponent 
normal to the s u r f a c e (thus pn is the radial component for a 
spherical meteor), ps the average res i s tance 1 ) per cm2 cross 
section of a spherical body, Q the densi ty of the atmosphere, w 
the velocity, a the angle of incidence, and x the fraction of 
relative kinetic energy converted into heat available for the 
heat ing of the meteor nucleus. x is practically very close to the 
so called "coeff ic ient of accomodation". Three typical cases 
may be considered. 

1) Perfectly elastic impacts, when the p a r t i d e s rebound 
according to the Iaws of ideal re f l ec t ion; evidently x = 0 ; in 
this case the p r e s s u r e is normal to the surface, 

P = pn — 2o iv2 cos 2 a (3), 
and 

PS = P W2 (4); 
the heat ing e f fect upon the nucleus is zero, ä = 0. 

2) Inelastic impacts of the f i r s t type, when the impinging 
p a r t i d e s lose their normal component, but preserve their tan-
gential component of velocity; thus x = cos2a. The pressure is 
again normal to the surface, 

P=Pn = Q iv2 cos'2 a (5), 
and 

Ih = I o w 2 (6). 

3) Inelastic impacts of the second type, when the impinging 
part ides lose all their relative velocity and are thus completely 
carried away by the meteor; x== l. The resul tant total pressure 
is in the direction of motion; we have 

Pn = O iv2 eos 2 a (5'); 
PS = Qiv2 (4'). 

The total heat absorbed by the nucleus is equal to the relat ive 
kinetic energy of the penetrated air mass . The total work of 
aerodynamic res is tance per cm 2 and second is g w6, but the 
heat ing e f fec t is only one-half of that 2 ) , or 

E' = I gw* (7). 

1) In tIih direction of motion. 
2) The other half of tlie aerodynamic work is spent in accelerating the 

air to the velocity of the meteor. 
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In the case of velocities of the order of those occurring in 
meteors, the mean penetration into matter of an impinging 
molecule is from f ive to eight times greater than at ordinary 
velocities of gas molecules 1 ); thus the air molecule penetrates 
deep into the solid or liquid surface of the meteor, losing Its 
energy mostly in collisions with the meteor atoms placed at a 
certain depth below the surface of the nucleus; with decreasing 
velocity the penetrating power of the air molecule decreases 
and the molecule (which actually must be dissociated into atoms, 
as the result of the collision) will be unable to regain the sur-
face of the meteor; or at least, when the air molecules return 
to the surface, they will possess an average translational energy 
corresponding to the temperature of the meteor, whereas most 
of their kinetic energy will be absorbed by the meteor; in such 
a manner a kind of "energy trap" establishes itself already at 
velocities of 5 km/sec (for nitrogen), which is much smaller 
than the lowest possible meteor velocity. On the other hand, 
sometimes an atom of the meteor material may be "knocked 
out" when hit by the air molecule at the very surface of the 
meteor; this atom will carry away some fraction of the kinetic 
energy of the impinging molecule, which fraction (together 
with the lattice energy) is no more available for heating the 
meteor; on the other hand, the energy dissipated beneath the 
surface will not have much chance to escape. Considering all 
these circumstances, a rough calculation indicates that the major 
part of the relative kinetic energy of the impinging molecules 
is transformed into heat and absorbed by the nucleus. For 
direct impact into a solid or liquid surface of the meteor nucleus 
a value of = 0.80 may be a fair estimate. We may add that 
we g e t such a higli value of ^ even when the individual 
collisions between the air molecule and the molecules of the 
meteor substance are perfectly elastic. 

Sparrow4 assumes x = 0.37 to 0.27 (nitrogen), from a 
consideration of a certain type of inelastic collision between air 
molecules and meteor atoms lsomething Iike our case 2), applied 
to individual atomic collisions]; with his mechanism of individual 
collisions, and our "penetration trap", a value close to 1 would 
have resulted. Direct observations of positive ions support our 

1) cf.1, pp. 16, 23, 29. 
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conclusions as to the high value of x at h igh velocit ies; thus 
V^oorhis and Compton 6 f ind (impact into metallic surface) for 
A+, x = 0.75 (vel. 10 to 25 km/sec), for Ne+, x = 0.65 (vel 15 to 
40 km/sec), for He+, x = 0.35 (vel. 30 to 50 km/sec), and for 
same, x = 0.55 (vel. 80 km/sec). 

Table II is the resul t of approximate calculations of the 
shielding ef fect of vapours . The " d i f f u s i o n " of the kinetic 
energy by secondary collisions is taken into account. 

T a b l e II. 

Relative Shielding E f f e c t of a Protecting Layer of Vapours 
(or air). 

Thickness of layer, in 
units of the hal f-energy 
range, d 0 1 2 3 4 d >4 

x (1.00) (0.77) 0.58 0.43 0.32 1.28 
~ d 

In this table, the values for d > 2 are supposed to represent 
absolute values of x ; for d = 1, a value of x = x0 instead of 
1 must be adopted. 

In Section 3. i we f ind that the shie ld ing ef fect of meteor 
vapours can never cause x to fail much below i ts "unshie lded 
value", x0, and that X = 0.60 appears to be a fa i r approximation 
for all poss ible cases dur ing the process of vaporization. During 
the process of heat ing up to, and including, fusion, x = X0 = O.̂  may 
be a better est imate. Nevertheless, in our f i r s t approximation 
x =0.60 is a s s u m e d throughout. 

Thus, in the case of naked eye meteors case 3) of aerodynamic 
resistance appears as the closest to aetu ai c i rcumstances ; we 
assume, for the sake of Convention, a certain weighted average 
between cases 1) and 3): 

Ps = Oiv- (4) (4'), 
and 

jo, t= (2 — xf) Q Wi cos-a (8); 
Here x' may be called the"dynamica l coef'ficient of accomodation'1. 
The central pres sure (for a — O) i s 

p0 = (2 — x') Q IV2 (9). 
Por the sake of Convention we take x' = 0.60, 2 — x' = 1.4, 
a l thoughx ' may be greater than x, the " t h e r m a l " coeff icient of 
accomodation. 
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The work of aerodynamic res i s tance per unit cross section 
and second is Qw i, and the total heat absorbed by the nucleus 
per second is (B = rad ius of meteor) 

E = - X t t B 2 Q t u 3 (10), 

where x is a value averaged over the cross-section. If dq is an 
amount of heat absorbed per g ram of mass of the nucleus, the 
deceleration is found from (4) and (10) as 

Chv = - 2 d ^ (IO a ). 
XW 

e. Stability of liquid non-rotating drops. 

The aerodynamic forces are unevenly distr ibuted over the 
sur face of the drop and tend to break it to pieces; sur face 
tension (ö) keeps the drop together. P'or a g iven aerodynamic 
pressure, there may be as s igned a certain l imit ing radius of 
stabil i ty, BS ; a drop smaller than BS (which denotes the radius 
of the original undistorted sphere) may keep together, drops 
larger than BS certainly break. The exact theory of s tabi l i ty 
is very complicated; bat the transit ion from stabil i ty to instabi l i ty 
is more or Iess abrupt, and BS may be determined fa i r iy Avell 
from an approximate theory. Such a theory 1 ) g a v e : 

RS= — (11). 
Ps 

A s a check of the order of magni tude, at least, we may 
apply formula (11) to the case of a non-adhering g r a v i t a t i n g 

drop (g = 981) supported by a f la t s u r f a c e ; we get Bs = 330 d' 

g i v e s for merciiry 2BS = 0.72 cm, for water 2BS = 0.94 cm, or 
values near the r i g h t order of magnitude. W e notice that the 
application of (11) to the case of a drop breaking u n d e r i t s o w n 
weight is not quite legi t imate because of the d i f fe rent character 
of the distribution of pressure ; also, in the g r a v i t a t i n g drop the 
average pressure decreases w i t h f la t ten ing; w h e r e a s the drop 
f la t tening under aerodynamic pressure wil l be s u b j e c t to a 
more or Iess constant pressure, and wil l thus break more easi ly. 

1) Stiil too complicated to be described here. 
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f. Shedding off drops. 

The conditions under which a partly solid, part ly liquid 
body loses detached drops are stiil more complicated than the 
preceding case. To g u e s s the order of magnitude, w e worked 
out approximately the model of a solid circular shield, sub ject 
to aerodynamic pressure on the front side, and car ry ing on the 
rear side a l iquid fraction y of the whole mass (solid -f- liquid) 

the ef fect ive spherical radius being R (i. e. total m a s s = dRs), 

assumed equal to the radius of the shield, the condition of 
s tabi l i ty is found as 

o (l + lv) Rs (l + lv) 
R< 1 = J — . . . . (12). 

( 1 4 ' I r D l h 4 ^ 2 ( l 4 - - ^ ) 

The formula is a v e r y r o u g h approximation, and must not be 
used for v near 1, when evident ly the shield cannot exist and 
when formula (11) is to be preferred. In the process of fusion, 
for a given radius, 17 cannot exceed the limit set by (12); all the 
extra liquid is shed off and sprayed by drops which are small 
as compared wi th the nucleus. 

g. Atmosphere. 

The actual dynamical s t ructure of the upper atmosphere, 
i. e. the form of the density function, is not of fundamental 
importance for the development of the present theory (cf. Intro-
duction). On the other hand, the composition of the upper 
atmosphere must be known to some extent; at least, we must 
know what is the roie of hydrogen in the upper atmosphere. 
The hydrogen atom at meteor velocities carries only a small 
amount of kinetic energy 1 ) , so that under 20 km/sec 110 visible 
impact radiation can be produced; at h igher velocities, vis ible 
impact radiation can be produced, but with very low efficiency, 
which means greater masses of meteors of a g iven brightness 2 ), 
and a greater relative importance of the continuous radiation 
of the nucleus. Thus the assumed relative amount of hydrogen, 
as compared with nitrogen and oxygen, may inf luence our theory 
to a considerable extent. The relative amount of helium Iias 
not so great an influence. On the other hand, the relative 

1) cl'.1, p. 13, Table 11, also p. IS, form. (12), a u c l pp. 26—32. 
2) cl'.1, p. 39. 
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amount of nitrogen and oxygen, elements of similar atomic 
weight, or their actual molecular structure (degree of dissociation 
and ionization), is of no such importance in the development of 
our theory, although in the applications of the theory such 
questions may arise. 

Not so very tong ago the prevail ing v iewon the structure 
of the upper atmosphere, sponsored by Humphreys 7 , Jeans 8 , 
and others, ascribed to hydrogen a predominant roie at heights 
over 80 kilometres where meteors appear. Sparrow in his meteor 
theory 4 accepts this view, but fce f inds that the amount of 
hydrogen postulated by Humphreys is too large. On the other 
hand, Chapman 9 denies any roie to hydrogen; according to his 
views, a layer of maximum ozone concentration at 50 km height 
is followed by layers of increasing content of monatomic oxygen, 
O and 0+ (produced by the dissociating and ionizing action of 
the solar short wave radiation); the green (auroral) Iine of the 
night sky, l 5577, is explained as a forbidden transition of 
monatomic oxygen 

We feel inclined to accept Chapman's v iew; at least, the 
amount of hydrogen postulated by Humphreys is contradicted 
by a number of observational facts ; we notice that Humphrey's 
calculations are based on very uncertain determinations of the 
hydrogen content near the earth's surface, and on a stiil Iess 
certain assumption of an undisturbed "conductive" equilibrium *) 
of the atmosphere from a height of 11 km on. Only in such a 
form of equilibrium will the lighter constituents such as hydrogen, 
or helium, show a smaller density gradient, and may outnumber 
the heavier elements in the upper atmosphere. Let us f i r s t 
consider the probability of such a form of equilibrium. 

Ordinarily only two kinds of atmospheric equilibrium (from 
the standpoint of mixing) are cons idered: the conductive and 
the convective equilibrium. The upper atmosphere, at least in 
its lower strata, is known as more or Iess isothermal, even with 
a possible inversion of temperature; it has been just ly pointed 
out by di f ferent authors that under such conditions convective 
currents cannot persist, any r i s ing current being rapidly stopped 
through adiabatic expansion making the ascending current 
colder and heavier than the undisturbed strata and vice versa. 
Thus convective equilibrium must be certainly rejected. 

1) Corresponding to pure diffusion. 
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But there is another form of mixing which may produce 
almost the same large-scale effects as convection currents: turbul-
ence. Nearthe earth's surface turbulence is a powerful mixing 
agent1), and it may play an important roie also in the upper 
atmosphere; the wave-shaped cirrus clouds may be regarded 
as an indication that turbulence is certainly active at heights 
up to 10 km. 

Turbulence is irregulär wave motion. From the standpoint 
of mixing, only the vertical component of the wave motion is 
of in teres t . We may roughly estimate the relative importance 
of turbulence and diffusion in the following way. L e t A b e t h e 
mean free path, u' the average vertical component of molecular 
velocities, AH the average amplitude of the turbulent wave, 
U the mean (absolute) vertical velocity of turbulence. The 
efficiency, from the standpoint of a t ransport of mass (or heat) 
in vertical direction, is proportional to the vertical component 
of velocity and to the mean depth of direct interchange; thus 
the relative efficiency of the two processes is 

turbulence: diffusion = 
U K 

On the other hand, for an isothermal atmosphere the 
amplitude of turbulence depends upon the maximum vertical 
velocity = 2 U (approximately). Wi th 2U=H m/sec (which does 
not seeni excessive, taking into account the considerable wind 

velocities revealed by meteor trains), we find \ A H= 250 metres. 

Fur ther , f rom our subsequent approximate theory (as well as 
Sparrow's) it follows that average meteors appear (centre of 

t rajectory) in a Stratum of density about õqq^qq ^o õõö^õõõ 
atmospheric density at sea level, which gives / from 2 to 
20 cm. Taking u = 2 5 0 m/sec, the above data give the ratio 
of eff iciency in mixing: 

turbulence: diffusion = from 250 to 25. 
Turbulence at meteor heights may thus be much more efficient 
than diffusion, in which case the atomic composition of the 
atmosphere at these heights will be identical with the compos-

1) Its eflects may be easily observed on smoke from cliimneys; the so-
called diffusion of gas clouds in chemical warfare is almost entirely due to 
turbulence. 
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ition at sea level (except for water vapour); we should proceed 
to much greater (130—150 km) heights to find dif fusion as the 
major factor. Only beginning from such great heights a 
differentiation of the di f ferent constituents according to mole-
cular weight may set in; but not before heights of about 
200 km are reached can hydrogen (if present at all) become 
relatively conspicuous. For the meteor theory in such a case 
the presence of hydrogen may be entirely neglected. 

The absence of hydrogen lines in the spectrum of the 
aurora, and especially of meteors 1 1 , supplies serious evidence 
against the existence of considerable amounts of hydrogen in 
the upper atmosphere. 

Rough calculations based on the height of appearance of 
f ireballs,such as the well observed Pultusk meteorite (Jan.30,1868) 
which increased by about 6 magnitudes between 260 and 180 km 
height 1), g ive an increment of density of 10:1 for each 33 km 
decreasing height. Such a f i g u r e is incompatible with hydrogen 
or helium at any reasonable temperature (radiative equilibrium), 
but very well agrees with monatomic oxygen (or nitrogen). 

Bven assuming the "conduct ive" equilibrium to hoid at 
moderate heights, it may be shown that hydrogen in the amounts 
postulated by Humphreys and Jeans appears extremely impro-
bable. A t a certain height hydrogen and oxygen may be found 
in the r ight proportion to form an explosive mixture, and if not 
outnumbered by the inert nitrogen the mixture will explode at 
the f i r s t f ireball or meteor penetrat ing the layer. Assuming 
that a temperature of 800°C of the mixture is su f f ic ient to 
support the explosion, we find that an amount of hydrogen not 
exceeding V 2 3 fraction of the amount assumed by Humphreys 
can exis t ; the explosive layer (partial pressures oi N2: O2'- H2 = 
= 17,2:1,0:2,0) will be found at H = 82,0 km in such a case. 
With Humphreys's data, the explosive layer lies between 60 and 
70 km height, and the temperature of explosion exceeds IOOO0C. 
We do not believe in the "conductive equil ibrium" at these 
heights; the above f igures are quoted merely to show that even 
in the case of such a sort of equilibrium the possible amount 

1) At these heights the radiation of the meteor is probably pure impact 
radiation at the solid surface before appreciable heating sets in; the brightness 
in such a case is proportional to the density of the atmosphere. Cf.1, p. 24. 
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of hydrogen in the upper atmosphere m u s t be much smaller 
than that supposed by Humphreys and others. 

Thus we seem to be jus t i f i ed in bui ld ing up our f i r s t 
approximation theory on the assumption of an upper atmosphere 
composed chief ly of heavy const i tuents such as nitrogen and 
oxygen. W e note that our former computations r e f e r r i n g to 
meteor radiat ion 1 were based on the same assumption. 

h. Air masses and densities. 

Tlie Variation of g r a v i t y wi th height and the effeqt of the 
curvature of the earth (which sets in only at g r e a t angles of 
incidence) being neglected, the total air mass peruni t cross section 
encountered by the meteor down to a certain level is g iven by 

B j e c ^ / g r \ 
S ( « » 7 

also dB =—ggdH (14). 

Here B is the barometric p r e s s u r e at that level, zr the 

zenith angle of incidence, or the zenith distance of the meteor 
radiant, g the acceleration of g r a v i t y (g = 953 at 89 km height), 
H the height. 

Formulae (13) and (14) apply to an atmosphere of a rb i t rary 
s t ructure . In the particular case of a " u n i f o r m " atmosphere, of 
constant logari thmic decrement of density (or pressure) with 
height, we h a v e : 

H 
Q = Qo e Hü (15)> 

H 
B=g Q0H0 e B o = gH0 Q (16), 

H 
M=Q0H0 s e e zr e 1 I o = QH0 s e e zr . . . (17) . 

Here Q0 is tne dens i ty of atmosphere at H= 0; H0 is the 
" e f f e c t i v e h e i g h t " of the atmosphere; the density and pressure 
decrease in the ratio 1 :e for a di f ference of height equal to H0; 
if all the m a s s of the atmosphere above the level H is g iven a 
constant dens i ty equal to q, the th ickness of the layer thus 
formed is H0. W e have also: 

T 
H0 = 8.270 X IO7 - (18), 

IHJ 
where fi is the average molecular weight . For g = 981 and dry 
air (^ = 28.82) at T = 2 73° we f ind H0 = 7.985 X IO5 c m -
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Themodel of a uniform atmosphere, although far from actual 
conditions when the whole atmosphere is considered, is never-
theless a useful approximation when dealing with a particular 
layer, more or Iess limited in height, such as the region of 
visibility of naked-eye meteors; the model presents the advantage 
of permitting a very simple analytical treatment; the value of 
H0 in such a case is a certain effective, or average quantity, 
chosen to sa t i s fy equations (17) or (16) over a g iven limited 
range in height ; H0 may vary from level to level. 

Taking into account that in meteor phenomena the air 
mass M, traversed by the meteor, is the chief argument (inde-
pendent variable), a meteor theory built up on the model of a 
uniform atmosphere is beiieved to hold also 1) in the case of a 
non-uniform atmosphere of t h e s a m e a v e r a g e p a r a m e t e r 
H0, when we assume that all the characteristics of the meteor 
f l ight in the non-uniform atmosphere at a given value of M are 
identical with the characteristics calculated for the same value 
of M in the uniform atmosphere. Thus, by representing the 
results of our calculations as a function of M, we make them 
practically independent of our assumptions regarding the actual 
structure of the atmosphere. 

S e c t i o n 2. 

First Approximat ion for Slowly Rotating Meteors. 

As stated in the Introduction, it appeared useful to work 
out an approximate theory for the purpose of making estimates 
of the physical conditions prevail ing during the f l ight of the 
meteor in our atmosphere; a second approximation is made 
possible only by the preliminary resul ts of this f i rs t approximation. 
Prom the standpoint of simplification, our f i r s t approximation 
resembles former theories, notably Sparrow ' s 4 ; the purposes and 
consequences, however, are d i f ferent ; our f i r s t approximation 
pursues auxiliary purposes and cannot be regarded as a satis-
factory theory itself. 

The following s impl i fy ing assumptions are here made: 
1) the temperature is constant throughout all the solid orl iquid 

nucleus; in other words, a suf f ic ient ly high conductivity 
for heat is postulated; 

1) Within the limits of uncertainty of any theory whatever. 
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2) vaporization s tar t s suddenly at a certain temperature above 
the temperature of fus ion; thus the gradual r ise of vapour 
pressure is neglected; 

3) after vaporization has started, all the heat absorbed by the 
nucleus is spent in vaporization; this follows also directly 
from assumptions 1), 2), and 4); 

4) heat losses by radiation are neglected; 
5) the time of visibil ity is assumed equal to the time of vapori-

zation 1 ) ; 
6) deceleration is neglected 1 2 ; 
7) the integri ty of the liquid drop is assumed. 

Gondition 2) is artificial, never being ful f i l led; its intro-
duction makes the obtained shape of the l ight curve illusory 
without however seriously a f fect ing the calculated mean heights 
and the duration of visibility (or the length of the visible path); 
on the other hand, assumption 3), although artificial, well 
represents the actual conditions on the major part of the visible 
path of an observable slowly rotating meteor (as follows from 
computations made for the second approximation, which we 
hope to discuss in one of the next papers of the present series). 

Conditions 5) and 6) are practically fulfi l led in all cases of 
observable meteors; 5), because the chief source of visible 
radiation is the collision of the vapour atoms with the air 
molecules 1 ; 6), because the heat of vaporization is small as 
compared with the kinetic energy 1 2 . 

Con lition 4) is a good approximation in most cases, except 
for faint and slow telescopic meteors, when Q) also fai ls (because 
a large fraction of the kinetic energy is spent in radiation). 

Condition 1) is well fulf i l led in the case of a liquid drop 
and fails for the solid nucleus, which circumstance, however 
is of minor importance; for a low viscosity of the liquid, the 
actual process consists in liquefaction on the front side and the 
sweeping of the fused material to the rear side; a further rise 
of temperature does not start before all the nucleus is liquid. 

The actual limitations of all these assumptions follow from 
the approximate theory itself (cf. Section 3). 

The total heat intercepted from the beginning by unit 
cross section of the nucleus when reaching a certain atmospheric 

1) cf. 1, ]>|>. 5 and 22—26; also 4 and 12. 
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level is a fraction x of the relative k inet ic energy of the 
t raversed air mass, or 

F = I x M w 2 (19). 

The mass of the nucleus per unit of its cross section is 

: JtR2 = ^dR. 

Let the total amount of heat required to heat the unit 
mass of the meteor from a certain initial temperature to 
vaporization be g = (J i

j T Qo, where Q1 is the heat up to, and 
4 including fusion. Liquefaction is complete ~when F=^dRq1, ot 

when the air mass is 

Mi= (üquefaction) . . . (20); 

here R0 is the initial radius. Similarly, vaporization s t a r t s when 

Ma

 = (point of appearance) . . (20'). 

A f t e r the beginning of vaporization, the amount of heat absorbed 
by unit cross section of the nucleus when p a s s i n g a n infinitesimal 

air mass dil/is dF= \ xw2 dM. This heat is spent in vaporization, 
i. e. in d iminishing the mass per unit cross section, or 

dF = — hd{\õR). 

The fol lowing linear equation between radius and air mass 
results [with the aid of (20)]: 

R M = 
XW1 ii 

(21). 

The equation is valid dur ing vaporization only. 
For R= 0, or for the point of disappearance we g e t : 

The ratio of air masses at disappearance and appearance is 

! ' 7 1 ' ' (231. 
Ma q 

Formula (23) actually determines the e f fec t ive length of 
the observable trail. 
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A s s u m i n g a uniform atmosphere, we get the density of 
the atmosphere at a certain point of the meteor path from 

AL COS Zr , r-'W -P Q +' i 1 \ o~ . . (17 ) (ci. Section l.h.); 
O 

for a particular point, M may be taken from formulae (20)— (22). 
Let us call such points on the tra jectories of two meteors 

R for which the ratio 7, is the same s imilar points. From (21'), Ix0 

(17'), and (15) we ge t the fo l lowing equations which permit u s 
to draw some general conclusions r e g a r d i n g physical conditions 
at similar points of the tra jectories of d i f ferent meteors : 

^dRnGOSZr r , 7 / R\ 1 N 

* • • • • 

H 

where 

is the increment in height for an atmospheric dens i ty ratio 
of 10:1. For meteors of the same composition at similar points 
of their paths f rom (24) we infer that the dens i ty of atmosphere 
is proportional 1) to the initial radius, 2) to the cosine of the angle 
of incidence, and 3) inverse ly proportional to the square of 
velocity. 

From (>15) we f ind that the d i f ference in he ight of s imilar 
points of the tra jectories of two meteors is 

Hl-H2 = Ha (-2 I o g ^ L - I o g I - l o g . . (-27), 

where ioL, w.2, B1, B.2 are the initial velocities and radii of the 
two meteors, Z1, z2 — the a n g l e s of incidence. 

For meteors of d i f ferent composition but of the same radius 
and velocity (ic and H0 assumed to be constant) at s imilar points 
of their paths we f ind that the densi ty of the atmosphere is 
proportional to õq at appearance, and to <5 (g-J-A) at the point 
of disappearance. 

[ H0 mv Q0 

HiO l o S j i ^ 0 eos Zr | g + ft ( l — j ' • 

10 
So 

log e 
2.303 Hn (26) 
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The di f ference in he ight is in this case 

R 

H' -H" = -H10 

q,Jrh' 1 
1Og A--Hog' (28). 

d " " L 7 " /1 R 

q ^ h ( 1 ^ R 0 1 

Formulae (27) and (28) hold not only under the restr ict ions 
of the present approximate theory, but part ly also in the g e n e r a l 
case. 

BYom (23), (17), and (lõ) we g e t the d i f ference between 
height of appearance and disappearance: 

Ha — Hi = Hw log (29); 
Q. 

thus the range in height depends only upon the heat ratio of 
the material and upon the vert ical densi ty g r a d i e n t of the 
atmosphere. 

The length of the observable path is evidently 

L = B r
1 0 Sec Zr log (30), 

or it increases wi th the increas ing angle of incidence; this 
latter s ta tement is confirmed, qual i tat ively at least, by direct 
observations*). A s to the absolute value of L, formula (30) 
depends g r e a t l y upon the va l id i ty of our assumption 1); it is 
not advisable to use the formula for stone meteors. 

Meteor observat ions actual ly represent a selection by 
luminosity. It is convenient therefore to replace radius by 
luminosity in the above equations. Formulae (55) and (54) of 
Section 3. h, together wi th (30), g ive with a fa i r degree of 
approximat ion: 

Log R0 = — m0 — log iv — -i- log eos zT -f- const. 
_LD o 

S u b s t i t u t i n g this in (27), we get, for two meteors of the 
same composition: 

H1-H2 = H 10 
n, i wi i 2 / c o s ^ i 3 log — —- (iTti1 — m9) — ~~ log . . . (27 ); 
L w.2

 1 lo 3 COS^2J 

1) E. g. in the Leonid shower of 1931 as observed in Arizona, when the 
shower started with long trails (50—80°), the radiant being low; when the 
radiant was high, the trails became short (5—10°). 
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here W1 and m.Ä are the absolute magni tudes of the two meteors. 
Formula (27') proves to be of considerable value in the analysis 
of meteor heights . The error of the formula is the smallest 
for the point of disappearance. As a di f ferential formula it 
remains more or Iess valid over a wide range of meteor sizes 
for which many of our assumptions may fail. 

For the heat constants of iron, according to Section I. a, 
we f ind (assuming an initial temperature of 280° abs., and an 
ef fect ive temperature of vaporization of 2800°): 

Qi = 1.18X IO10(erg/gr); q.2=7.h X IO9; q = 1.93X 1 0 1 0; 
h = 6.0 X IO10 ; Q + h = 7.93 X IO10

 ; 

^ = 1.1 i (iron). 
0 

For stone, the data are Iess certa in; with an initial tempera-
ture of 280° and an e f fect ive temperature of vaporization of 
2300° we find, according to Section 1. b: 

qA = 2.01 X IO10; q2 = 6.5 X IO9; q =2.66 X IO10; 
h = 5.6 X IO10; q-\-h = 7.86 X IO10 ; 

^ t ^ = 2 . 9 5 (stone). 
<1 

The parameter of the atmospheric density gradient, H10  

(or H0), can be obtained from observat ions only; an accurate 
value can be derived only with the aid of a more refined theory. 
However, for the purpose of pre l iminary es t imates we m u s t 
know Hw, approximately at least. Approximate values of this 
parameter may be g u e s s e d in di f ferent w a y s . 

1) A s s u m i n g the upper atmosphere to be in radiat ive 
9SS0 

equil ibrium with the surface of the earth, T-- ~ , g — 953 cm/sec2, 
V 2 ' 

from (18) we get, a s s u m i n g /6 = 28.82, 
H10 = 2.303 H0 = 15.8 km. 

This may be a minimum, because the average molecular 
weight must be smaller than assumed (dissociation, ionization) 
and the temperature may be higher . 

2) From the Pul tusk meteor, in Section 1. g we estimated 
H10 = 33 km for the topmost atmosphere (above 180 km). 

3) Unpublished results of the ArizonaExpedition :), re fe r r ing 

1) Based upon the heights of about 3600 meteors. 
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to the height of disappearance as a function of luminosity and 
to the mean height as a function of velocity, in connection 
with formula (27') gave preliminarily a mean value of 

H10 = 24.6 ± 1.1 km. 
In the numerical estimates of Section 3., the round value 

of H10 = 20 km (or H0 = 8.7 km) is adopted. Takingintoaccount 
the preliminary character of our estimates and of our first 
approximation, there can be no serious consequences from a 
possible error in the adopted value of H10; in any case the 
error cannot be large. 

s e c t i o n 3. 

Estimates of the Physical Conditions. on the Basis of the 
First Approximat ion. 

We repeat that the first approximation refers to small, 
slowly rotating meteors of an upper limit of size and rotation 
to be determined below. Certain results of our estimates, however, 
are so definite that tliey may be applied also without the above 
limitations. 

a. Diffe rence in height of stone and iron meteors. 

When dealing with differences in the composition of 
meteors, it appears to be sufficient to consider onJy two extreme 
types — the typical iron, and the typical stone. From the 
observed falls of meteorites we know that stones largely out-
number irons, a circumslance which may be due to better 
preservation during the flight through the atmosphere of the 
stone core protected from heat action by the relatively small 
thermal conductivity; on the other hand, iron meteorites prevail 
among finds, again an evident result of selection, because irons 
are more likely to attract attention. Among observed meteor 
spectra11 stones and irons seem to appear more or Iess equal 
in number, acircumstance which mayrepresent actual conditions. 
Large meteor showers, such as the Leonids, however, seem to 
consist almost exclusively of stone11. In any case in a meteor 
theory one should keep in mind both kinds of objects. 
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For some purposes, it is sufficient to make the detailed 
computations for iron, with differential estimates of theproperties 
of stone relative to iron. 

The ratio in the absolute length of trail, under similar 
conditions, is given by (30): 

Small slowly rotating stones are expected to yield shorter 
visible trajectories than small irons (at the same angle of incid-
ence). According to Section 3. e below, this applies to telescopic 
meteors only. Larger stones must show much longer trails. 

From form. (28), with the proper numerical data, we find 
that stones are expected to appear 0.22 H10 = 4.4 km higher, 
and disappear 0.385 H10 = 7.3 km higher than iron meteors of 
an equal radius; the middle of the visible path is expected to 
Iie about 5.6 km higher for stones than for iron meteors. If, 
however, objects of equal mass are considered, the stone must 
have a radius 1.32 times the radius of the iron, which, according 
to formula (27), requires by H10 log 1.32 = 2.4 km lower height. 
Finally, for meteors of the same mass, shape, velocity, and 
angle of incidence, stones are expected to appear on the average 
by 0.16 H10 = 3.2 (+) km higher than iron meteors. We do 
not yet know the relative luminous efficiency of iron and stone ; 
therefore, when objects of equal luminosity are compared, the 
difference in height of stone and iron may be considerably 
changed. 

For slow rotation, when centrifugal force is insignificant, 
the condition of fissure of a drop is B > Bs, where Bs is given 
by equation (11). We shall try to investigate the Variation of 
Bs over the meteor path. 

From equations (11), (4) (4'), (17'), and (20) we find 
the condition for the breaking of a drop just at the 

L iron 
L stone 

b. Fissure and spraying. of the liquid. 
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moment of complete fusion to be independent of velocity 
and. given by 

Ea > E, = 
3 ox Hn — ——- see,Sr = 
2 Sql 

C , 3 ox H0 — sec£v...(31), where C = 0 . . 
ql 2 õ 

B1Or the point of appearance the same formula holds when q is 
substituted for qv 

We find the condition of first rupture during the process 
of vaporization by setting the variable radius E in (21') equal 
to Es. Let 

- i - = ;/ ( 3 2 ) ; 
m 0 

from (li), (4) (4'), (17'), and (21') we get for the initial radius 
of a drop which breaks first when the radius has decreased to 
E = y E0, the value 

,> 1 6 s e c ^ , . , , n 
0 y \ .'/['/ — (i — //)]" 

We notice that y varies only within the restricted limits 
from 1 to 0. For this interval, the expression (33) reaches a 
minimum when 

V - V o - 9 - t r (34> 

if g< h, a condition fulfilled for most substances. Thisminimum 
value of E0 is 

1/ 4/i Csec r̂ _"j/2Csecfr 
® 1/(/7 —1— Tj.S (a —1— h\ I/ H- (a -\-h \ \ «? + h) (<1 + h) \! y0 [q-\-h) 

Meteors of initial radius smaller than (35) never break from 
aerodynamic pressure. The formula does not apply to the case 
of detached drops originating from a larger nucleus, or to the 
fissure produets of an originally larger drop. 

In deriving (34) and (35) we tacitly assumed o to be constant; 
for a surface tension slowly varying with temperature the 
results hold equally well. Table III contains the limiting radii 
of fissure at different characteristic points of the trajectoiw 
computed from the preceding formulae and the numerical 
constants adopted above. 
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Table III. 
Limiting Conditions x) of Fissure of the Liquid Meteor. 

Vertical incidence Or = O0); * = 0.6 ; H= 8.7 X c m- a : first 
fissure at liquefaction; b: first fissure at point of appearance; 
c: first fissure at point of optimum fissure, y = y0, or ultimate 

limit of fissure 

Limiting initial 
O C i/o radius Fin, cm 

a b C 

Iron 900 9.02 XIO7 0.661 0.087 0.068 0.059 
Stone 380 8.75 X IO7 0.702 0.066 0.058 0.056 

When the radius is smaller than the value given under 
the heading "c" of Table III, the drop is expected to maintain 
its integrity all over its path. For other angles of incidence, or 
other values of H0 the values for B0 of Table III must be mul-
tiplied by j/~•^ . The uncertainty in the basic physical 
data is considerably diminished for B0 by the Square root in 
formulae (31) and (35). Large drops which burst will show 
evidently a more violent increase in light (because the surface 
increases and vaporization becomes more intense), and a shorter 
path; larger meteors may exhibit a strong and more or Iess 
sudden outburst of light due to the spraying of the liquidinto 
millions of drops; b u r s t s and "sp i n d 1 e s" observed in bright 
meteors may be apparently explained in this way. 

However, for stone meteors viscosity may prevent fissure 
(Section 3. e); also, it appears that rotational centrifugal force 
may be a more powerful spraying agent than aerodynamic 
pressure ; in such a case the outbursts of light must be explained 
in a different way (cf. Sections 3. d and 4). 

In the case of fissure into smaller drops, each of radius — Bs, 
the surface exposed to aerodynamic heating increases in the ratio 
l'\ = According to (11), Bs — according to (24),ps ~Qr~>B0. 

Hence if for case c, Table III, = 1, for iron of Ils O Jis 

B0 = 0.236 cm the surface should increase through fissure 
1) Independent of velocity. 
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42 = 16 times, whereas the number of fragments is of the order 
of 4000. For stiil larger meteors, however, there will be no 
opportunity for such a sudden outburst; the nucleus will spray 
the liquid during the whole process of fusion; thus, according 
to (12), a maximum fraction of liquid mass of the order of 
V r-o.l can be retained bythe "shield", the rest being sprayed 
away, when R = 25 Rs, or R0^ 0.5 cm; the detached drops 
are pulverized into pieces of the order of Rs, small as compared 
with R0, and therefore practically insiantaneously vaporized. 
Therefore, for such large iron meteors, even when rotation is 
slow, visibility is synchronous with the fusion of the large 
nucleus. Evidently the formulae of the first approximation do 
not apply to the case of such large meteors. Assuming an 
effective angle of incidence zr =45°, the apparent magnitude 
of meteors at the limit of fissure observed 45° from the zenith 
may be estimated according to Table VIII as follows: 

T a b 1 e IV. 
Apparent Magnitude (m) at Limit of Fissure 

(for slowly rotating meteors). 
w, km/sec 16 25 40 60 100 
m, Iron 8.3 6.9 5.6 4.4 3.0 
m, Stone 9.3 7.9 6.6 5.4 4.0 

The first approximation may be assumed to hoid, from the 
standpoint of fissure, stiil for meteors two magnitudes brighter 
than those of the table. 

The figures of Table IV depend upon certain assumed 
values of the "heat factor" ß, postulated to be the same for iron 
and stone; as only the order of magnitude of the heat factor 
can be estimated, our figures in Table IV may be systematica]]y 
in error; however, these figures are sufficient to show that the 
effect of fissure and spraying may be important for naked-eye 
meteors, especially for those of low velocity. Earlier authors 
did not take into account fissure and spraying in developing 
theories of meteor phenomena in naked-eye meteors; thus earlier 
theories are similar to our "first approximation". If the neglect 
of fissure in Sparrow's theory4 is not of serious consequences, 
because from Table IV we conclude that such a theory applies 
at least to the fainter naked-eye meteors, in Lindemann and 
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Dobson's t h e o r y 1 3 the neglect leads to a s t r i k i n g contradict ion 
between their postulates and consequences . These authors, by 
a s s u m i n g a v e r y small value of z, ar r ive at v e r y h i g h densi t ies 
of the a tmosphere a l o n g an a v e r a g e meteor p a t h ; wi th such 
densit ies, violent f i s s u r e into smaller drops m u s t occur (even 
the v i scos i ty of stone cannot p r e v e n t f i s s u r e in such a case) ?  

so that a theory based on the a s s u m p t i o n of a meteor unbroken 
all over i t s t ra jec tory cannot have much resemblance to w h a t 
actual ly would occur. W e may add that Lindemann and Dobson's 
chief postulates , w h i c h Ied to the smal l va lue of % and g r e a t 
atmosphere densi t ies , namely, the assumption of an air cap 
in f r o n t of the meteor, and the as sumpt ion of the adiabat ic 
formula for the t e m p e r a t u r e in such an air cap, do not hold: 
the f i r s t a s sumpt ion for reasons put f o r w a r d by S p a r r o w 4 and 
M a r i s l 4 , and explained in the fo l lowing s e c t i o n ; the second 
as sumpt ion because it v iolates the f u n d a m e n t a l law of the 
conservat ion of energy *). Hence it fo l lows that Lindemann and 
Dobson's theory, conta in ing g r o s s e r r o r s in the postulates, and 
leading to consequences c o n t r a d i c t i n g their own postu la tes , 
m u s t be re jec ted . 

c. Formation of an air cap. 

W h e n the velocity of the meteor is l a r g e as compared with 
the velocity of sound in the u n d i s t u r b e d atmosphere, the air 
mass , or the m a s s per cm 2 , accumulated in f ront of the meteor 
i s proportional a) to the d e n s i t y of the s u r r o u n d i n g atmosphere 
(independent of velocity, because the veloci ty of forced escape 
s i d e w i s e f rom the air cap is proportional to the velocity of the 
meteor 1 5,1 6), and b) to the radius of the meteor (by reason of 
geometr ica l s imilar i ty) . Thus, the air m a s s 

a QR. 

Neglect ing f i s s u r e and s p r a y i n g in the fo l lowing, we a s s u m e 
evident ly maximum values for R and Q (because the non-breaking 
meteor wil l penet ra te into deeper portions of the a tmosphere 
than the actual meteor that b r e a k s ) ; t h u s we g e t in such a 

1) cf. Sparrow,4: ". . . Tlic use of the adiabatic equation by Lindemann 
and Dobson is therefore equivalent to the assumption that a elocity of 60 km/sec 
is srnall compared to one of 0.5 km/sec". Also 1, p. 5 s. 
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manner for all possible initial conditions maximum values of 
the thickness a of the air cap. 

A rough way to estimate a is the following. In front of 
the meteor the compression is so great that in spite of the rise 
of temperature the linear thickness of the air cap is small as 
compared with the radius (according to Epstein's data16 it is 
of the order of ~ for the "ideal" case and actually smaller on 
account of cooling through contact with the nucleus and through 
radiation). We assume simply an average surface density a 
and an effective velocity of sidewise escape ktv. The mass of 
air caught per second by the cross section of the meteor is 
JZR-QIV ; this must be equal to the mass escaping sidewise, or 
to IsiRakw; hence we get 

a = RQ. 
2 k 

In the "ideal" case, k is a large fraction; for 45° angle 
of impact, or for a quadratic profile of the projectile moving 

3 along a diagonal,Epstein's data16 give a = ^ bQ, where b is one-
lialf of the diagonal; within a close order of magnitude, for a 
sphere we may assume b = R, and 

a=^RQ ( 3 6 ) ' 

or k = ^ for the "ideal" case. 
t With cooling in a ratio the velocity of escape sidewise 

o 

will be smaller in the ratio "j/"|r (neglecting viscosity), or a larger 

in the ratio j/^°. On the other hand, the fraction of heat 
absorbed by the nucleus is evidently close to 

T 
^ 1 ~ nrt » 

1O 
T or = 1 — ^ (37). 
± o 

Hence we get for a cooling air cap 
3 RQ 

a = — , (38). 
2 1 / 1 - ¾ v ; 

According to this formula, a increases with increasing %; according 
3 
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to Table II, the inverse relation takes place (d ~ a). A certain 
Solution o < ä < 1 must satisfy both conditions. 

We are interested in the existence of an air cap only so 
far as it prevents the flow of heat toward the nucleus, i. e. so 
far as it makes x smaller; on the other hand, from (?8) we infer 
that the largest value of x gives the largest a. Assuming 
% = 0.6 as a maximum value which may be considered as differing 
sufficiently from 1, we get a maximum estimate of a1): 

om= 2 - b e f e ) '') (38'). 

Substituting R-R0 y, and Q from (17') and (21'), we get for am  

an expression which contains the product 
y [q jT h (l — ij)], 

already investigated in Subsection b. Along the meteor trail it 
reaches a maximum when y — y0 (cf. form. (34)). At this point 
of the trajectory the mass per cm'2 of the air cap is the largest 
for the given meteor; for this maximum maximorum of a we get 

Hm=Cl (39), 
W 

where C1 = '> 1 3 H0Kh 

with our adopted data C1 = 2.09 X IO6 for ir0T1- Ou r incipient 
air cap corresponds to the case when am is equal to the air mass 
of the half-energy range, X0 (d = a/A0=l, cf. above). We must 
take into account the change of A0 with velocity3). If A0 refers 
toN. T. P., the transition value of am is 1.293 A0 X 1°~3- Substituting 
this in (39), we calculate R0 for different velocities and for an 
average zr = 45°. The results are4) (iron): 

1) In other words, we are looking for the condition of an incipient air 
cap, such that a is of the order of the half-energy range, d= I i n Table II, or 
iL = 0 . 7 7 : with X0 =0.8, x = 0.6 appears to be close to the maximum possible 
X0 

value in such a case. 
2) Round value of the coefficient used. 
3) According to 1 ; cf. Subsection li. 
4) In 1J p. 23, formula (15), a factor of IO6 is omitted. The calculations 

were made with the correct formula, but in Table VII, loe. eit., B 0 is given in 
mm instead of cm and the luminosities are overestimated. Fortunately, even 
this gross mistake has no effect on the conclusions made there. 
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iv, km/sec 14.8 29.6 59.2 118.4 
IO5

 X0, cm 8.4 11.7 14.1 21.0 
B0, cm 0.40 0.95 2.14 5.07 

Comparing these results with Table III, case a, we see that 
the air cap starts at values of B0 much larger than the limit 
of fissure at fusion. Actually at the moment of complete fusion 
the original drop is broken into thousands and milUons of drops, 
each of which has too small a radius for the formation of an 
air cap. Thus the most favourable conditions for the formation 
of an air cap must be sought during the process of fusion. We 
stiil overestimate the air cap if we assume that the meteor 
remains unbroken up to the moment of complete fusion; the 
maximum air mass in this case we find from (38') (with B = B0), 
(20) and (17'): 

^ Bl COS Zr , , ^ CIM = C2 ^— (40), where 
w* 

__ 1 qdq1  
2 3 H0K 

Por iron we have 
C2 = 9.4 X IO5. 

Table V gives the results of a computation according to 
(40) for zr = 45°; although computed for iron, the data may be 
regarded as representing the conditions for stone equally well, 
at least with respect to a close order of magnitude. The apparent 
magnitudes are guessed on the basis of some computations 
connected with the second approximation. 

Table V. 
Limiting Radius for the Formation of an Air Cap. 

w, km/sec 14.8 29.6 59.2 118.4 
Minimum B0, cm 0.60 1.4 3.2 7.6 
Appar. magnitude 0 —5 —il —16 

We notice further that the minimum radii found in this 
way correspond to an air cap of thickness Iess than the half-
energy range (because shedding off drops and breaking makes 
the radius, and the air cap smaller); to obtain a noticeable effect 
in K we should have a layer at least four times thicker than 

3* 
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that (cf. Table II) which means the doubling of R0; the corre-
sponding limiting magnitudes must be set in this case by 2 mag. 
brighter. 

Thus w e may repeat our former conclusion that " t h e 
formation of air caps is l imited to f i reba l l s of quite unusual 
b r i g h t n e s s " x ) . When deal ing with the Statistical material of 
v i sual observa t ions of meteors, we feel sa fe in neg lec t ing the 
format ion of air caps. 

d. Rotation and oscülation of the nucleus. 

In the preceding considerations we neglected the dynamical 
consequences of a possible rotation of the meteor. When the 
rotation is small, its influence on meteor phenomena is insignific-
ant; rapid rotation, however, causes a spraying of the liquid 
during the process of fusion into small drops which are vaporized 
much faster than the integer meteor drop would have been; thus 
vaporization in this case is practically almost synchronous with 
fusion; the rotating meteor evaporates at a greater height and 
in a shorter time than the non-rotating meteor. 

In Paper II we tried to evaluate the probable average 
velocity of rotation of meteors caused by collisions with other 
meteors; surprisingly high values are obtained; although the 
estimate of the average velocity of rotation is supposed to give 
only the order of magnitude, and although not all possible 
factors are taken into account, it appears highly probable that 
meteors actually rotate at very high speed, the mean equatorial 
velocity being of the order of 3000 cm/sec for _Z? = 0.1 cm. If 
this is true, the theory of a slowly rotating meteor applies only 
to exceptions, whereas the ruie is the theory of a meteor in 
rapid rotation2). Let us consider this case more closely. 

Centrifugal force compels the fused material to move 
towards the "Cquator55Ofrotation, where it is shed off in drops 
the size of which depends upon the centrifugal acceleration, 

Ue which, in notations of II, is equal to ^ . Let the effective 

1) Cf. \ p. 23. 
2) For the larger stones the viscosity of the liquid may cause the two 

cases, of a rotating, and of a non-rotating mateor, to remain similar; cf. 
Subsections e and f. 
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(41). 

r a d i u s of the drop shed off be r ; a v e r y close e s t i m a t e of th is 
q u a n t i t y may be obta ined f rom the equat ion 

2 3i U; _ — JtriO = 2 Jtro, 3 Jti 
t 

in known notat ions . From this equat ion, for iron, and pract ical ly 
also for s tone (wi th the adopted va lues of o at fus ion), w e g e t 

i9.i V e 
r ~ UT~~ 

S u b s t i t u t i n g for UE i t s e x p r e s s i o n f r o m (9) of IJ , w e g e t 

<•„ = qo b0 (42)' 

The f i r s t drops shed are t h u s s i x t y t imes smal ler in d iameter , 
aud s i x t y t imes sooner vaporized than the i n t e g e r drop would 
have been. The proport ional i ty of r and E obtained is cur ious . 

A s the p r o c e s s of s p r a y i n g for a g i v e n n u c l e u s g o e s on, 
the a n g u l a r ve loc i ty of rotation d e c r e a s e s on account of loss 
of m o m e n t u m t h r o u g h the l iquid t r a v e l l i n g f r o m the " p õ l e s " 
toward the " e q u a t o r " w h i c h it l e a v e s w i t h the h i g h e s t poss ib le 
speed. For cons tant a n g u l a r velocity U e ^ E ] hence (41) y i e l d s 

r — E-l\ and ~ E—i/2. B e c a u s e the a n g u l a r ve loc i ty i s not 

constant , but m u s t d e c r e a s e g r a d u a l l y , the i n c r e a s e of the 

rat io ~ wi l l proceed f a s t e r than e s t i m a t e d above, w i t h a n e g a t i v e 

3 r power of E l a r g e r than ; we m a y e s t i m a t e i t r o u g h l y at ^ ~E-°*. 

Thus, for the v a l i d i t y of (42) as an in i t ia l condition, w h e n the 
s h r i n k i n g r a d i u s of the meteor r e a c h e s a b o u t one-f i f th of i t s 

or iginal value, ^ = 1, or no s p r a y i n g or b r e a k i n g can t a k e place 

any more. The r e m n a n t core of the r o t a t i n g meteor wi l l rnove 
on w i t h o u t f u r t h e r f i s s u r e . The m a x i m u m diameter of ind iv idua l 
drops (not c o u n t i n g f i s s u r e f r o m aerodynamic p r e s s u r e ) i s equa l 
to th i s r e m n a n t core, or not more t h a n about one-quar ter of 
the init ial d i a m e t e r . It i s clear that in the case of rapid rotat ion, 
the theory of meteor phenomena is v e r y d i f f e r e n t f rom the theory, 
the bas i s of which has been exposed in the p r e c e d i n g sect ions . 

The upper l imit to w h a t w e called " s l o w r o t a t i o n " , in 
connection wi th the f i r s t approximation, m a y be d e f i n e d n o w . 
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An increase, as the result of spraying, of the surface exposed 
to aerodynamic heating to double the original value may be 
considered as determining the margin between "slow" and 

7* 1 «'fast" rotation. This corresponds to -̂  = ; equation (41) 
yields in this case: 

, 38.2 n /o.i cm 
Ue — Tj= = 121 / ~ — (43). 

VR I/ R see v J 

The margin equals ~h of the probable velocity of rotation, 
estimated in JJ, (9). Thus, for an average naked-eye meteor, an 
equatorial velocity below 100 cm/sec, or Iess than about 100 revo-
lutions per second, may be called "slow" from the standpoint 
of centrifugal force. Prom the reasoning put forward in JJ, 
such a low rotational speed appears extremely improbable, unless 
the space density of hyperbolic meteors is thirty times smaller 
than that assumed there. 

Aerodynamic resistance can hardly stop or change the 
original rotation of a meteor considerably if it is fast enough. 
Por a symmetrical body (sphere) the effect is practically nii, 
the relative loss of rotational momentum through friction during 
the flight in the atmosphere being comparable with the relative 
loss of linear velocity which is known to be small. Por a non-
symmetrical body aerodynamicresistanceunder certain conditions 
may stop slow rotation. In the interaetion of aerodynamic 
pressure and rotation, two phases may be distinguished: the 
phase of acceleration (about one-half of the period of rotation), 
and the phase ofretardation. For unchanged external conditions, 
and when the linear velocity of rotation is small as compared 
with the velocity of the projectile, the total momentum of 
acceleration is equal to the total retardation *), the sum of the 
momentum over one revolution being zero. Therefore, in an 
atmosphere of constant density, an initial rotation may con-
tinueindefinitely (at least during all the shorttime of visibility of 
the meteor), unless it is stopped during the first negative phase. 
Actually the meteor moves in an atmosphere of inereasing 

1) This holds exactly for the particular case of aerodynamic pressure 
considered here, when hydrodynamic stream lines are not formed, cf. Section 
1. d. When an air cap is formed, conditions are very different, cf. below. 
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density, so that the positive and negative momenta also steadily 
increase. Por the estimate of the order of magnitude we assume 
the period of revolution to be constant, and the duration of 
each of the two phases equal to one-half of the period; also, 
we neglect the difference of aerodynamic pressure due to the 
change of relative velocity during rotation (Ue assumed small 
as compared with w); actually the relative aerodynamic velocity 
is greater for the negative phase, and the duration of the negative 
phase is greater than for the positive phase; thus our assumptions 
mean underestimating the effect of retardation of rotation for 
a given density of the atmosphere. 

Let the angular velocity of rotation be co, the period thus 
2n —. Por a body of a given shape and dimensions the change of 
angular velocity during one phase is Aco = + Tcw2Q, the value 
of the constant k depending upon the shape of the nucleus; 
according to (15), with ̂  = — w eos zr, or R = — wt eos gr-j- const., 

Wt COS Zr 

we have Q — e X const. Let us subdivide time into 
intervals of the half-period of rotation, according to the phases 
of interaetion, and Iet the ordinal number of a given phase be n; 
we have 

Jtn , t = —, and 
co 

Aco = 4- Tcw2 e1 bn 

j lwdosz r where b = =— (44). 
co H0

 v ' 

The sum of all positive impulses up to n is equal to the 
sum of members of the form (44) for n = n\ n — 2; n — 4; 
. . . . n = — o o , and is equal to -f- Tcw2 the sum of all the 

negative impulses up to n-}-l is evidently — the 
angular velocity at the end of the (n -f- l)s< impulse (the last one 
being negative) is thus 

Tew2 ebn (eb — 1) . . «> = »0 ( t ^ = » r
j ( « ) . 

When (45) yields o, it means that rotation is stopped 
and converted into oscillations. 
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When b is small, which means that the atmospheric 
density changes littie during one half-revolution, we have 

CO-CO0 — ~ Jcw2 ebn (15'), or 

CO = CO0 — Jctu2O (45"), 

where the arbitrary constant of the density formula is included 
in the factor Jc. 

Thus, for given angular and linear velocity, and for a 
meteor of definite shape and dimensions, there exists a certain 
value of O = îs = ---0- at which rotation is stopped. Thelarger 

i- Iav2 

O)0 is, the larger is QS. NOW, a meteor of given size is able to 
penetrate down only to a certain depth where the atmospheric 
density < attains the largest possible value gwi; when Qm^Qsy  
rotation cannot be stopped. Without giving details, it suffices 
to mention that a computation was made for a case of "typical 
asymmetry", — a triangular iron prism of 30° angle rotating 
around its axis and moving at right angles to it. Thelimiting 
value of the period of rotation was found to be of the order of 

seconds (based on the first approximation), independent 
of velocity and absolute dimensions. Thus, for a speed of 
rotation of about 100 revolutions per second or more the original 
rotation will persist all over the visible path of the meteor; 
curiously enough, this is near the margin of "slow" rotation (43). 
As in most actual cases we may expect a closer coincidence of 
the centre of mass with the resultant vector of the aerodynamic 
i'orce than in the assumed case of the iron prism, even smaller 
speeds of rotation are likely to persist. But even in the case 
where rotation is stopped by aerodynamic resistance, it is 
replaced by oscillations, which maintain a period of the same 
order of magnitude as the period of the original rotation. Prom 
the standpoint of the equalization of the heating effect over 
the surface of the meteor such oscillations must be almost as 
efficient as rotation. 

We notice that the period of rotation itself, or the mean 
angular velocity was assumed constant for the whole meteor trail in 
the preceding formulae; the assumption being admissible with 
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respect to the order of magnitude, it cannot be retained for a 
more accurate treatment ; the period of rotation (when near 
the critical value), and of the subsequent oscillation of an 
asymmetrical body, must change steadily along the path of the 
meteor. 

A meteor of asymmetrical shape, if not rotating originally, 
when moving in a resisting medium will be forced to oscillate 
by aerodynamic pressure; the period and amplitude of the 
oscillation decrease with penetration into deeper portions of the 
atmosphere; the period of forced oscillation, for bodies of not 
too unusual a shape, may Iie between ~ to of a second 
for the visible portion of the path of the meteor, independent 
of velocity and size. It is obvious that a completely fused 
nucleus is not subject to all the above described effects. 

All the preceding considerations are valid only in case 110 
trace of an air cap is present, e. g., for meteors of radii 
considerably smaller than those of Table V; as, according to (40), 

2 \ 1 the air mass of the cap changes as B0, about ^ to ^ of the 
radii of Table V are sufficiently small to render the aerodynamic 
effect of the air cap negligible; for average meteor velocities 
this condition is stiil satisfied for practically all naked-eye 
objects. Por the brighter meteors, however, the accumulation 
of air mass in front of the projectile, even when insufficient 
to protect the nucleus from heating, may cause systematical 
deviations of the aerodynamic pressure depending upon the 
curvature of the surface (whereas the pressure produced by 
independent individual molecular impacts depends only upon 
the area of the contour projected upon the plane perpendicular 
to the direction of motion); a concave surface experiences a 
systematically greater pressure than a convex one. Let us 
consider first the case of the ideal continuous aerodynamics 
and the extreme case of the two hemispherical cups of a Robinson 
anemometer. For such cups, the aerodynamic pressure upou 
the concave surface is from 2.5 to 2.9 times greater than upon 
the convex surface; the excess of pressure on the concave surface 
equals thus about 0.9 of the average pressure. If such a pair 
of Robinson cups is made to move freely in the air, a rotational 
impulse about 0.9 of the aerodynamic deceleration of the centre 
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of gravity is acquired. The effective deceleration of a meteor 
near the end of its path may be estimated from the condition 
that a fraction x of the relative kinetic energy lost is spent in 
vaporizing the meteor; the neglect of the condition of changing 
mass does not affect the order of magnitude of this effective 
quantity. Thus, from equation (IOa) we get 

Aw = - 2 i q + h )-
XW 

For iron, the following values are obtained (£ = 0.60): 
w, cm/sec 20 X 1O5 80 X IO5  

— Aw, cm/sec 1.32 x io5 3.30 x io4. 
The equatorial velocity of rotation of ideal Robinson cups should 
thus attain about 0.45 Aw, which is a considerable speed. 

For meteor projectiles of irregulär shape, such a syste-
matical effect must inevitably exist, although in a much smaller 
degree, perhaps from 1 to 10 per cent of the Robinson cup 
effect; for the phase of fusion, when a real asymmetry can exist, 
the impulse Aw must be taken equal to about ^ of the above; 
hence rotational effects for fireballs result of the order of 200 to 
2000 cm/sec (w = 20.105), or 60 to 600 cm/sec (w = 80.105). 

For ordinary naked-eye meteors the air cap pressure effect 
is smaller, depending upon the number of elastically reflected 
atoms hitting a concave surface a second time; the reduction 
factor is thus smaller than 1 — X0 = 0.20 and may be estimated 
at~th; thus, for such meteors which originally did not rotate, 
forced velocities of rotation acquired from the "Robinson cup 
effect" may result, amounting to from 10 to 100 cm/sec 
(w = 20.io5), or 3 to 30 cm/sec (w = 80.105), thus "small" as 
compared with the expected order of magnitude of the initial 
rotation (3000 cm/sec). These estimates are important so far as 
they show that it is extremely improbable for a meteor to be 
devoid of rotation while moving in the terrestrial atmosphere. 

e. Heat transfer within a slowly rotating nucleus. 

Our theory of the first approximation is considerably 
simplified by neglecting differences of temperature within 
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different parts of the nucleus. The question arises to what 
limit such a simplification is permissible. 

We notice that from considerations put forward above 
meteors are supposed to rotate, or to oscillate, with a minimum 
speed of slow rotation corresponding to about 30 revolutions 
per second for ordinary naked-eye meteors; thus the period of 
one revolution is short as compared with the duration of the 
visibility of the meteor and therefore this slow rotation seems 
to be quite efficient in producing an equalization of the heating 
effect of different portions of the surface of the nucleus. If 
in the following estimates we neglect rotation as an equalizing 
factor, thus considering a non-rotating meteor, or a meteor 
moving along its axis of rotation, we evidently exaggerate 
differences of temperature existing in the nucleus. The least 
favourablefor an equalization of temperature is the case of a solid 
nucleus where the only means of heat transfer is conductivity. 

Let us first consider the phase just before fusion, when 
the nucleus is solid throughout. With the aid of the formulae 
of the approximate theory, we find for the difference of tem-
perature between the front and the rear the maximum value 

a t < 8 j a ^ o o s * ( 4 6 ) j 

0 /et -ti.Q 

where q' = Qi—f is the heat up to fusion. With the constants 
adopted as before, for er = 0°, AT < 200°, we find, for the moment 
of starting fusion: 

W= 20 X 1O5 80 XIO5  

iron, R0 <i 0.07 0.035 
apparent mag. in 45° > 7 5 (zir=200°) 

stone, R0 <C 0.018 0.009 
appar. mag. >> 11 9 

The adopted difference of temperature is not small; taking 
into account that the difference increases as i^weconclude 
that in the non-rotating solid nucleus equalization of temperature 
never takes place in naked-eye meteors. In the case of rotation 
equalizing the heating over the surface the values of R0 must 
be increased four times [(or ZlTis 16 times smaller than in (46)]; 
thus the margin of equalization at starting fusion is: for iron, 
-B0 = 0.28 to 0.14 cm, for stone, R0 = 0.07 to 0.035 cm, for the 
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same velocities as above. It may be a s s u m e d that practical 
equalization of temperature in the solid nucleus se i s in for iron 
meteors fa inter than the 2nd, and for stone meteors fa inter than 
the qth apparent magnitude. This conclusion, derived for th& 
moment of s t a r t i n g fusion, remains practically valid also for 
the earlier s tages , a l though the conditions of equalization of 
temperature are somewhat more f a v o u r a b l e then; also, oblique 
incidence of the meteor t ra jectory favours equalization (AT-~coszr)~ 

Fusion of the nucleus evidently s tar t s at a spot exposed 
to the highest aerodynamic pressure, on the f ront side of the 
nucleus; the aerodynamic pressure compels the f lu id to move 
and collect on the rear side of the projecti le when rotation is 
slow (the f luid moves to the "equator" in the case of f a s t 
rotation); Iet us consider this e f f e c t more closely. 

The pressure produced by the mostly inelasl ic impacts of 
the air molecules, in the absence of an air cap, is not perpendicular 
to the surface, but more or Iess in the direction of motion (cf. 
Section 1. d); therefore a tangent ia l backward directed force 
acting upon the liquid layer exists, the force r e s e m b l i n g more 
a force of viscosity or friction than true hydrodynamic p r e s s u r e ; 
such a tangent ia l ly d r a g g i n g force, independent of the th ickness 
of the layer, is much more ef f ic ient in propell ing a viscous 
fluid than hydrodynamic normal pressure, the eff iciency of 
which is proportional to the thickness of the liquid layer. To 
get an est imate of the ex is t ing conditions, the fo l lowing theory 
may be regarded as suf f ic ient . Instead of u s i n g var iables in 
their complicated relationship, we introduce average, or e f f e c t i v e 
quantities. Let AR denote the e f fect ive thickness of the liquid 
layer, f l o w i n g wi th a surface velocity us from the front hemisphere 

toward the rear of a nucleus of r a d i u s R, and Iet be small 

(only in such a case is the sweeping of the liquid toward the 
rear eff icient, from the standpoint of the meteor theory). The 
total tangential force of aerodynamic res is tance, act ing upon 

2 the front hemisphere, is equal to ^jtR2 ps; this we set equal 

to the total v iscosi ty fr ict ion in the liquid layer, 2 J t R 2 v ; 

hence we get 
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Further, for pure fusion (without vaporization, or rising 
temperature), equilibrium conditions require the amount fused 
per unit of time to be equal to the amount flowing from the 
front to the rear, or 

= u A . vnRAR (b). 
t 2 

Substituting into (b) E from (10), and us from (a), we finally 
get the following expression for the thickness of the layer: 

AR l ß R W <«>• 
This expression does not contain absolute pressure, and, therefore, 
for a meteor of a given size and velocity, the equilibrium 
thickness of the liquid layer is a constant all over the portion 
of its path where fusion takes place (under the restrictions 
mentioned above). 

As, with our assumptions, all the heat is spent in fusion, 
this heat is transported to the solid surface by conductivity; 
and whereas the bottom of the liquid is at a constant temperature 
of fusion (assumed 1800°), the top is hotter by an amount AT, 
so that 

AT 
E = ?jcR*kt. -A-ü (C). 

"With the aid of equations (10), (20), and (17), we get 

AT=I . R AR. w eos Zr (48); 
o kt -H-Q 

here AR is to be taken from (47). 
Equation (48) yields the maximum difference of temperature 

in the liquid layer, computed conventionally for the moment of 
complete fusion. We notice a considerable similarity of (48) and 
(46), as mighthave been expected. Further, as roughly speaking 
the luminosity Jof a meteor is proportional to Rs W3, or RW ̂  T'\ 
we notice that in (48) and (47) the actual argument is luminosity, 

AR — Tin v"2

y and 
AT— j 1 - v1/s. 

This is not exactly true, because the luminous efficiency 
changes probably with velocity and mass. 
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In equations (47) and (48) an important criterion presents 
itself, allowing us to distinguish between two fundamentally 
different kinds of meteor phenomena. If AR, and Z l T a r e Iarger  
it means that the liquid has not time enough to flow away, and 
that vaporization at the liquid surface sets in before the nucleus 
is completely molten. If AR and Z l T a r e s m a l l ( 4 T - < 5 0 0 0 + for 
stone, <<1000° for iron), the liquid is swept from the front side 
before it gets heated, and a further rise of temperature or 
perceptible vaporization does not start before all the nucleus is 
molten. The decision depends chiefly upon v, the coefficient 
of viscosity, and kt, the thermal conductivity (assumed to be 
the same for the liquid and the solid). 

Por stone, at the temperature of fusion, values of v of 
about 100 have been observed (cf. Section 1. b), and, for the 
more elevated mean temperature of the liquid layer, a value 
between the extreme limits I0>v>0.1. may be suggested 
(ibidem). In view of the cold bottom of the liquid layer, the 
upper limit v = io may be regarded as the more probable. 
With this value, and with the rest of the constants as assumed 
before, the following table is computed from (47) and (48): 

Table VI. 
Characteristics of Fusion, Stone, v = lo, Slow Rotation. 

m = apparent magnitude at g = 45°; zr — o°. 
B = I cm R = 0.1 cm R — 0.02 cm 

JR JT m JR JT m JR JT m 

w = 16 km/sec 0.035 (24 000°) — 1 0.011 8000 7 0.005 70° 13 

Ii O 0.054 (92 000) —5 0.017 (3100) 5 (0.008) 270 10 O Cfc Il S 0.081 (320 000) —9 0.026 (10 000) 2 (0.012) 870 7 

For R = 0.02, AR comes out of the order of R itself, and 
thus has no analytical meaning; in such small stones, the 
large viscosity prevents any transport of matter; the slowrer 
meteors of such a radius (m = 10 and 13) are molten through 
before vaporization starts, whereas for m = 7, ZlT = 870° suggests 
boiling (under low pressure) at the surface while the centre is 
stiil melting. 

For R= 1 cm, the values of AT are enormous; this means 
that the layer never reaches the computed thickness JR, but 
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starts boiling when its thickness is of the order of AR X 

such a thin layer sticks to the surface by reason of vis-
cosity. Thus, for R — l cm, the substance of the nucleus is 
practically vaporized, so to speak, on the spot, the thickness of 
the liquid layer being of the order of 0.001 cm only; most of 
the solid nucleus remains cold inside. This case evidently 
resembles the phenomena observed in large meteorites reaching 
the ground. Ä = 0.1 cmrepresents an intermediate case, although 
more similar to R=I cm, than to R = 0.02 cm. 

The above results may be summarized as follows: if v= 10 
(the most probable effective viscosity for stone), no sensible 
transport of the liquid under the influence of aerodynamic 
pressure (rotation assumed to be small) takes place; stone 
meteors brighter than the Ith apparent magnitude are vaporized 
from the surface of a thin liquid layer, the nucleus remaining 
solid; those fainter than the 7th magnitude maintain a more or Iess 
uniform temperature throughout, complete fusion precedingthe 
beginning of perceptible vaporization. 

If we assume the Iess probable inferior limit of viscosity 
v = 0.1 for stone, the values of both AR and AT decrease ten 
times; the characteristics of fusion are then as follows: 
for stone meteors brighter than the 2nd apparent magnitude the 
conditions are the same as they were in the case of v=\0 for 
m<^7\ for those fainter than the 4th magnitude, an efficient 
transport of the liquid under the influence of aerodynamic 
friction establishes itself, which helps to equalize the tempe-
rature of front and rear (or of pole and equator for a rotating 
projectile); the liquid is collected in the portions Iess exposed 
to aerodynamic pressure (rear side, especially rear pole of 
rotation); all the solid nucleus is fused before a further rise of 
temperature and sensible vaporization start. For meteors fainter 
than the 7th magnitude thermal conductivity takes the place of 
the immediate transport of the liquid. 

As to iron, its low viscosity (̂  = 0.01) and high thermal 
conductivity altogether change the picture; the values of AR 
equal ^ , those of AT only j^^of the corresponding data of 
Table VI. For all naked-eye and telescopic iron meteors the 
frictional transport of the liquid is very efficient, AT is small 
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during fusion, the nucleus melts completely into a practically 
isothermal drop before a further rise of temperature and 
perceptible vaporization start. For the larger projectiles, 
considerably exceeding the limit of fissure (Table III), a spraying 
of the liquid (cf. Section 1. f and 3. b), instead of an accumulation 
at the rear takes place. Only for iron fireballs brighter than 
magnitude — 1'2 the liquid layer cannot attain its equilibrium 
depth and starts boiling at the surface instead. 

As to the liquid drop, convection currents produced by 
aerodynamic friction start there for the same reason which 
causes the transport of liquid during the process of fusion; 
only the transport of matter and heat in the drop is much more 
efficient than in the former case, because the resistance from 
viscosity is much smaller in the whole drop than in a thin 
liquid layer of same radius covering a solid nucleus. It is 
obvious that in all cases when complete fusion of the nucleus 
takes place before vaporization, the drop so formed is kept 
practically isothermal by the frictional convection currents 
(a backward current around the periphery of the "contour of 
resistance", balanced by a forward current around the central 
portion of the contour); in other words, only such liquid isolatea 
drops can be formed which are maintained at a more or Iess 
uniform temperature either by mechanical convection, or by 
thermal conductivity (very small drops). Computationscorrobor-
ating these conclusions have been made; they are not given here. 

f . The process of fusion of ci nucleus in fast rotation. 

With the average speeds of rotation considered as probable 
in II, and in Section 3. d, the liquid formed during fusion is 
supposed to get immediately sprayed in the form of very small 
drops; as the centrifugal force in the case considered is much 
greater than aerodynamic friction, in all cases where the transport 
of the liquid by aerodynamic friction is found to be efficient the 
spraying by centrifugal force must be stiil more efficient; thus, 
according to the preceding subsection, all fast rotating iron meteors 
actually spray their substance during a more or Iess isothermal 
process of fusion; the vaporization takes place in theminute drops, 
the productsof the spraying. The question arises whether in stone 
meteors the large viscosity is able to prevent such a spraying. 
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The liquid is supposed to move, under the action of centri-
fugal force, toward the equator of rotation, where it separates 
by drops as considered in Section 3. d. By analytical estimates 
similar to those made above and with the aid of formula (41), 
assuming that the drop is formed when the liquid layer has a 
thickness of the order r (same formula), wre find the time of 
Separation of the drop approximately equal to 

8Jtr2
 R0V 9200 vR'0 v = i — = s (49). 

Ueõ ülõ 

t- = 0'.0L may be regarded as sufficiently short an interval as 
compared with the Iife time of the meteor; assuming this as 
the maximum admissible for efficient spraying, and with v = 10 
we find the condition 

Ue > 130 R2J3 cm/sec (50). 
Equation (9) of JJ gives 

ZJe=IUOjBo-172 (51) 
as a probable mean value. Condition (50) is fulfilled in this case 
for R0 < 6 cm, thus over more than all the range to be considered. 

Considering the rate of supply of the liquid from fusion 
to be in equilibrium with the amount flowing away toward the 
equator under the action of the centrifugal force, we find 
(notations as before) for the effective thickness of the liquid layer 

4 b = 1 / 8 _ ? i ^ ä w £ , 
V 3 fH0ö Ue 

/t t and the same as in (48). Assuming (51), with ^ = 10, for 
AT= 500° as an upper admissible limit for fusion without vaporiza-
tion, we find the following upper limits for the size of the stone: 

Table VII. 
Size of Fast RotatingMeteors 

with AT= 500° in the liquid layer. 
Vertical incidence. 

iv 16 X Ô5 40 X IO5 90 X IO5 

R0 0.43 0.28 0.18 
m 2 0 0 

Zl-B 0.0008 0.0003 0.0001 
4 
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As in the present case ZlT- Rl WvV''2 (eos zr)
>r\ thelimit-

ing radii represent a relatively sharp margin; meteors rotating 
at the assumed speed and smaller than these limiting radii 
must spray their substance instantaneously during the process 
of fusion even if the viscosity is as large as a>=io; thus there 
seems to be no doubt that most naked-eye stone meteors except 
the brightest, if rotating fast, undergo the process of centrifugal 
spraying. For other values of v, the limiting radius is R0 ~ v~y, 
thus varying slowly. For v = 0.1, the limiting magnitudes 
(J —1

 Rl v~"hi) must be set by 2—3 magnitudes brighter than 
those in Table VII. Stone meteors of greater size than the 
limiting one, even when rotating fast, are expected to behave 
Iike non-rotating meteors (cf. preceding subsection). 

g. Radiation from the nucleus and deceleration. 

The heat of vaporization being small as compared with the 
kinetic energy of an average meteor, the meteor is vaporized 
before it loses much of its initial velocity [cf. formula (10°), also 
Section 3. d\, deceleration thus being negligible for the naked-
eye and the brighter telescopic meteors. This would hold also 
for the smallest objects but for radiation losses. Black body 
radiation of the nucleus, being comparatively insignificant for 
most observable objects, grows in relative importance with the 
decreasing size of the bodies; for very small partides the 
radiation of the nucleus mayabsorb all the kinetic energy, and 
the partide may be decelerated to zero velocity before it reaches 
a temperature sufficiently high for vaporization. 

For a given surface temperature Tt the relative importance 
hB of vaporization and radiation may be set equal to ^.For an iron 

surface, the data of Table I Iead to the following values of this 
ratio: 

T 1800° 2000° 2200° 2400° 2600° 2800° 3000° 
0.062 0.31 1.09 3.0 6.9 13.6 24.6 

Thus, for temperatures above 2200° vaporization takes the 
major part of the heat absorbed by an iron surface, whereas 
below 2200° the chief loss of heat is by radiation. For stone, 
the corresponding limiting temperature may be set at about 1600°, 
as a guess. 
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Let us consider very small meteors Ior which radiation 
losses become important; neglecting the heat spent in heating 
the nucleus, the equilibrium condition between aerodynamic 
friction and black body radiation, together with the condition 
of deceleration [cf. (IOa)] 

4 . 1 
4JtR-Qdt= — JtdRs. w dw, 

5 2 

Iead to the following expression (iron): 
H0 see zrQ 

T=G.86 w0

3/iQ''*e ~ 13-9* , 

w0 being the initial velocity. This expression yields a maximum 

R „ « = 3 . 1 8 W 0 " ' ( — ^ ? ° — ) U . . . . ( 5 3 ) . 

Setting Tmax = 2200°, we find the following maximum sizes 
of iron partides which are stopped in their motion before 
sensible vaporization sets in: 

W0= 16 X IO5
 W0= 64 X IO5 

see zr = l R = 5 X 10~4 cm R= 8 X IO-6 cm 
see = 10 .B= 5 X 1 0 - 3 cm R= 8 X IO-5 cm. 
The apparent magnitude of such meteors lies between 

the 25<h and the 40<h; thus only such "ultra-telescopic" meteors 
may reach the ground without losing much of their mass through 
vaporization. 

Por stone, and for an upper limit of temperature Tm = 1600°, 
the limiting radii are found about the same as for iron. 

We conclude that for all kinds of observable meteors 
vaporization exceeds radiation considerably and that the 
deceleration of the nucleus is comparatively small. On the other 
hand, fine meteoric dust may be stopped by the atmosphere 
without getting vaporized; under especially favourable circum-
stances (low relative velocity and oblique incidence) the dust 
partides may be as large as 0.01 cm in diameter; for average 
velocities, partides of the order of I0~5cm will certainly be 
caught "uninjured". 

Ji. WorJcing tables of absolute magnitudes. 

The absolute magnitude of a meteor, mQ, we define as its 
apparent magnitude seen from a distance of 100 km and free 

4* 
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of atmospheric absorption. The zenithal magnitude, mz (cf.12), 
does not differ much from m0 for most "ordinary" meteors. 
With the existing system of stellar magnitudes we may write 

Wi0 = 24.6 — 2.5 log I (54), 
where Jis the "visual" intensit.y of radiation in ergs per second, 
"visual" denoting the spectrum interval 4500 to 5700 Ä. The 
average value of J over the whole visible path of a meteor is 
proportional to the total kinetic energy divided by the duration 
of visibility; thus we may write 

"D3 3 

T ^ nt STJX0 W0 T = g ßÖ (OO), 

where L is the absolute length of the visible path, ß — the 
visual efficiency of radiation (cf. A). The chief uncertainty of 
our estimates lies in the factor ß. In A we tried to estimate 
the order of magnitude of ß\ the results were there given in 
Tables XII and XIII; the first table corresponds to the case of a 
sufficiently massive meteor for which the dissipation of the 
molecular kinetic energy takes place within the coma, or the 
cloudof meteor vapours; the second table corresponds to meteors 
which are too small for the formation of a coma, so that the 
dissipation of the molecular energy takes place in the free 
atmosphere. Whereas the absolute values of ß in these tables 
cannot be regarded as established except for the order of 
magnitude, the difference between these tables is more certain. 
It is therefore important to know, at what minimum sizes of 
the meteor nucleus the formation of a coma begins. The treatment 
can only be rough. In spite of considerable simplifications, 
the theory is rather complicated and cannot be given here in 
all its details. 

We eonsider first the case of a non-breaking spherical 
iron nucleus as in Section 2. Atacertain distance behind the 
nucleus Iet dt be the maximum transverse thickness of the 
coma, measured in units of the half-energy range of an average 
molecule; the latter, according to Paper A, Table X, changes 
as w'\ whence dt w~h~ for a given linear thickness and 
density of the coma. The fraction sc of secondary collisions 
which happen within the coma is estimated as follows: 

dt 0 3 6 9 > 12 
Sc 0.00 0.23 0.51 0.72 1. 
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If ß0 and ß0 are the luminous efficiencies correspondirg to no 
coma, and to a compact coma, we may set: 

ß = ßo + Sc(ßc — ß0) ( 5 6 ) . 

Let 2 x be the diameter of the coma at a distance y behind 
the nucleus, and y the mean density over that diameter. 

We have 
7 2XY 

dt — i/õ (°0> 
OW " 

where bw2 is the half-energy range in ; b = 2,76. IO-11. 
The boundary of the coma is formed by the combined 

effect a) of the expansion, which may be regarded as an adiabatic 
outflow of gas into empty space (density of coma » density of 

doc tvtt ^ atmosphere), with a velocity anc^ °f the backward 
motion relative to the nucleus, due to theinertia of the admixed 
air molecules, %=Y~~- Herewdenotestheeffectiveproportion i'f J. ~p ia> 
of admixed air (cf. A, p. 34); 

2 h X1 

M =--9-™- (58), 
Xwi R1 

in adopted notations. 
The paraboloid outline of the effective boundary of the 

coma results from the above equations as 

2 
2h R R2 ( j" 

Further we find from the above equations and from the 
consideration of the total amount of vaporized material flowing 
backward through the cross-section JVX2 with the velocity 
(except for u very small): 

(1-1-m4-M2) , . 
7 = g v ^ j ' (60). 

u-
From (57), (60), and (58) dt for given Q and u can be deter-

mined. An effective value of u = u is defined by the condition 
that one-half of the energy of secondary collisions be liberated 
for u In the notations of Paper A, p. 34, this means 

" ° ° 

j ß-2 ?2 d = I J ß 2 g-2 d 
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Prom this, u = 0.20 is found. Thus, for the effective value 
of dt we find generally 

'-aV-
27.„ v 

dt = ^—~—wy'-Q B (61). 

This formula applies to an arbitrary spherical nucleus of the 
radius B and velocity w, in an atmosphere of density q; no 
restrictions are imposed except for the adopted dependence of 
the mean free path upon velocity. 

Por a particular meteor dt varies as QB; we have discussed 
the same product in Section 3. ft, c; along the visible path it 
reaches a maximum at ~ = the mean value of BQ may be 
assumed as equal to its value at B==B0, Q = Q1 as defined by 
equation (24); it is even an overestimate when we considerthe 
breaking of the meteor into drops. With the constants assumed 
for iron we get, for the particular model of a non-breaking 
nucleus, with ä = 0.6 and H0 = 8,68• IO5: 

dteff• = 1,72 -IO12 Blw0-
3''2 cos zr . . . . (62). 

If the nucleus breaks into pieces of radius r, dt must be set 
smaller in the proportion ~ ~, where Q is the density of the jx0 

atmosphere at the moment of Separation of the fragments. In 
this way, from d t C f f . the fraction s c for formula (56) could be 
estimated. For an integer iron nucleus we find (̂ , = 45°): 

W0 = 1 6 . 1 0 5 W0= 40. IO5 

& C B0 cm B0 cm 
1.00 > 0.12 > 0.24 
0.50 0.085 0.17 
0.25 0.06 0.12 
0.08 0.033 0.067 

Now, from the preceding discussion of the conditions of integrity 
we find the maximum size of an iron drop r = 0.059 cm even 
without rotation (Section 3. b), and Q (near fusion) = 0.6 ^1. 
This makes sc = 0 practically in all cases. w0 = 16.IO5 presents 
an exception, but in this case (cf. A) ßc = ßo practically, and 
the actual value of s„ is unimportant. Thus, for iron meteors 
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except very bright fireballs, in any case for B0< 1 cm, ß = ß0: 
the amount of radiation per atom is the same as for a single 
atom moving in the atmosphere; for the same reason, "temper-
ature radiation" (A, pp. 36—38) must be negligible in iron 
meteors. 

Por stone, non-rotating and of high viscosity, v=io, the 
nucleus actually remains integer and the following values may 
be considered as valid: 

W0 = 16.IO5 40.IO5 100.10 
Sc B0 cm B0 cm B0 cm 

1.0 > 0.16 > 0.31 > 0.62 
0.5 0.11 0.22 0.44 
0.25 0.08 0.16 0.32 
0.08 0.044 0.087 0.17 

Por fast rotation, the nucleus must actually break into 
drops, and sc = 0, if the radius is smaller than the limiting 
value given below: 

Iv0 — 16. IO5 40.IO5 100.IO5  

v = 10, Bcm -< 0.43 0.28 0.17 
v = 0.1, B cm -< 0.93 0.60 0.37 

Häving estimated sa according to these principles, the 
table of absolute magnitudes given below was calculated, from 
formulae (54), (55), (56), and Tables XII and XIII of Paper A; 
these tables were assumed provisionally to apply equally to 
stone and to iron. An empirical mean value of L0 = 18.105 cm 
was adopted. If L is the actual effective length of the visible 
path, a correction of -j-2.5 log ~ mnst be added to the tabul-

0 
ated values. Larger, but yet unknown systematic corrections, 
depending upon composition and velocity, must be added to 
these values of m0. In the case of an integer nucleus (the 
larger stone meteors), to m0 as defined by (54) an additional 
correction for temperature radiation, in agreement with Paper A, 
has been added as follows: 

iž0, cm 0.25 0.30 0.4 0.5 0.7 1.0 
Am0 0.0 —0.1 —0.2 —0.3 —0.5 —0.9. 
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T a b l e VIII. 

Provisional Absolute Magnitudes. 
a = iron meteors; S1 = Stone, v = 10, slow rotation; 
S2 = stone, v = 10, fas t rotation; S 3 = stone, v==o.l, 

fas t rotation. 

IV0 
km/sec 

and 
Case 1.0 0.7 0.5 0.4 

B0, cm 

0.3 0.2 0.15 P O
 

p b 0.05 0.03 0.01 

m0 

16 a —1.7 —0.5 0.6 1.3 2.2 3.5 4.5 5.8 7.0 8.1 9.7 13.3 
» &L —2.0 —0.4 0.9 1.7 2.7 4.1 5.1 6.6 7.8 9.0 10.6 14.2 
„ &2 -2.0 —0.4 0.9* 2.2* 3.1 4.4 5.4 6.7 7.9 
- h —2.0* +0.4* 1.5 2.2 3.1 4.4 5.4 6.7 » W • 

» 

25 a —3.0 — 1.8 —0.7 0.0 0.9 2.2 3.2 4.5 5.7 6.7 8.4 12.0 
» h —4.1 —2.5 — 1.2 —0.4 0.6 2.0* 3.5* 5.1 6.5 7.6 9.3 12.9 
„ h —4.1 —2.5 — 1.2 —0.4* 1.8* 3.1 4.1 5.4 6.6 n 
- 6S —4.1 —2.5* +0.2* +0.9 1.8 3.1 » » » » " » 

40 a —4.4 —3.2 —2.1 — 1.4 —0.5 0.8 1.8 3.1 4.3 5.4 7.0 10.6 
n h —6.3 —4.7 - 3 . 4 - 2 . 6 — 1.6* 0.8* 2.3 3.8 5.1 6.3 7.9 11.5 
„ h —6.3 — 4.7 —3.4 —2.6 -1.6* 1.7* 2.7 4.0 5.2 „ h —6.3 —4.7* — 1.2* —0.5 +0.4 1.7 » • n » » 

60 a —5.(3 —4.4 —3.3 —2.6 - 1 . 7 - 0 . 4 0.6 1.9 3.1 4.2 5.8 9.4 
—7.9 —6.3 —5.0 4 2* —2.0* +0.1* 1.3 2.7 3.9 5.1 6.7 10.3 

„ b2 —7.9 - 6 . 3 —5.0 —4^2* —2.0* +0.5* 1.5 2.8 4.0 Y> 

- h —7.9 —6.3 —5.0* —1.7* - 0 . 8 +0.5 » » " » » n 

100 a — 7.0 —5.8 —4.7 - 4 . 0 —3.1 - 1 . 8 —0.8 0.5 1.7 2.8 4.4 8.0 
* —9.9 —8.3 —5.9* —4.4* — 3.0* 12* —0.1 1.3 2.5 3.7 5.3 8.9 
» 2̂ —9.9 —8.3 — 5.9* —4.4* —3.0* — 1.2* +0.1 1.4 2.6 „ 
. h —9.9 —8.3 —5.9* —4.4* —2.2* - 0 . 9 +0.1 » » 

In the above table, for stone meteors the transition from 
ß0 to ße causes a more or Iess sudden increase of the luminosity 
wTith the rad ius ; the f igures which correspond to this sudden 
change are märked with asterisks. A more or Iess deep 
depression in the frequency curve of meteor luminosities may 
be expected at these transition magnitudes with an excess of 
frequency at higher luminosities; such an effect may eventually 
be subjected to an observational test. 

i. The shielding effect of meteor vapours. 

In Section 1. d general mention was made of the shielding 
effect of the vapours which decrease the flow of heat toward 
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the nucleus; now we can consider this effect in more detail. 
The shielding effect can be important only when the vapour 
pressure exceeds the normal component of the aerodynamic 
pressure, i. e., when 

P>Pn («). 

It is easy to show that when P<Cpn the vapour can only 
form a layer of a thickness which is small as compared writh 
the half-energy range, of the order of 

< i < V ) 
W > 

or about d «<0.01, which is negligible (cf. Table II). 
Let us consider a spherical nucleus for which at a certain 

angle of incidence, a0, P=pn. The vapours have free escape 
only for a^>a0, and the total amount vaporized per second is 
2^(1 -f-eos a j -R2 £. With the aid of formulae (1) (with T= 3000°), 
(8) and (10) we get, independently of the density of the atmosphere 
and of the radius: 

P = 2 , 1 . 1 0 4 w x . 

pn (1 -j- cos a0) h cos2 a (2 — x') 
here x is an average value for the whole nucleus, whereas x' is 
a constant, independent of the thermal shielding. We assume 
2 — x'= IA (Section 1. d). 

According to equations (9) and (8), pn = p0 cos2a. This 
leads to another form for (63): 

P = 2,1 .IO4 w x ^ ^ 

P0 ( 1 - [ - C O S CL0) h ( 2 — x') 

When P=p0, which means also a0 = 0> the front (maximum) 
aerodynamic pressure equals the vapour pressure; this is evi-
dently the limiting case for which a complete vapour shell 

1) This follows when we consider that the free length of path of the 
part ide, of the order of d = 1, is travelled with a speed iv -f M0 relative to the 
atmosphere, whereas the speed of the part ide relative to the nucleus is w0; 

thus, when losing (w -f- u0), the part ide should reach a distance from the 

nucleus of only in units of the half-energy range; actually it has 

to lose much less, namely Jiv = u0 before it gets stopped relative to the nucleus. 
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starts forming around the nucleus. When a vapour 
"microatmosphere" shields the nucleus from the direct impacts 
of the air molecules. When P<Cp0, a "baid" cap extending from 
« = o to a = a0 is formed subject to direct impacts of the air 
molecules; a0 is evidently defined in this case by the equation 

p 
eos- «0 = - (64). 

J P O 

Let the "unshielded" value of the accomodation coefficient 
be x0. Evidently 

^ (6^) 5 
xQ = 0.8 may be estimated. 

p For the critical case — = 1, a0 = o, we get from (63'), with 
Po 

h = 6. I O 1 0 : 
8.IO 6 

(66 a). 
iv 

Of course, we do not yet know under what conditions the 
critical case sets in; but the above equation, together with (65) 
furnish us with an inferior limit for the velocity below which 
a closed vapour shell cannot be formed. For the closed vapour 
shell we may safely put xe <0.50 (cf. Table II), whence 

w>> 160 km/sec. 
Most meteor velocities fail without doubt below this limit; 
thus, already from such general considerations it is obvious 
that the only case of practical importance is P < j v 

Nevertheless, to have things clarified as much as possible, 
we start by assuming the opposite case of P^>p0, the least 
favourable for x. In formula (63') a0 = O must be set, and we get 

8. IO6 P 
X c = (66). 

tv P0 

An increasing P, according to this formula, requires an increas-
ing x; on the other hand, with P increasing the shielding 
effect of the vapours must increase, and x must diminish; hence, 

p 
for a certain value of w, definite solutions for %c and—must 

Po 

exist. The maximum shielding effect may be estimated as 
follows. If D is the density of vapours at the surface of the 
nucleus, the density at a distance x is Iess than (because 
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velocity of flow and temperature increase with the distance); 
assuming the latter value means committing an overestimate. 
•Similarly, the pressure may be estimated at<C^J-. On the 
front side of the meteor, the expansion of the vapours may be 
considered to proceed until equilibrium with the aerodynamic 

9 pj{2 
pressure is reached, or p0 = +^~, the factor 2 allowing for 
partly oblique incidence; hence 

'2 P 
%max ( • — ) B 

]/ Po 

The effective shielding vapour mass per cm2 of cross 
section may be set equal to 

„ 1 / d b 2
 j a = 2 • — / —n- dx = 11 

2 J x-
R 

m D E { ^ } • • «»>• 

Here, of the two mutually cancelling factors, 2 and the 
first allows for oblique incidence, the second for Ihe neglect 
of the acceleration of the expanding and steadily heated meteor 
vapours. 

The "kinetic depth", d, we obtain from (67) dividing it by 
2,76.10-11 w'~ (cf. preceding subsection). Setting the amount 
vaporized equal to ^ (cf. form. (10)), and substituting for 
the point of appearance (form. (24) with B = B0) as representing 
a,verage conditions (cf. preceding subsection), we get (with 
D = 1,92.10-°|, cf. Table I, and different constants as before): 

dc = 0.67 B2WhCos zr[l — ] / f p ) • • • • (68)' 

referring to iron. 
Further, Table II for v,<C 0.5, or d̂ > 2, is well repre-

sented by 
1.28 , x ./ ( 6 9 ) > 

which is actually a formula for the conductivity for heat. 
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Pormnlae (66), (68), and (69) Iead to the following quadratic 
equation with respect to %0(orto —): 

1.28 0.67 R2 w'2 eos Zr 

4.IO 6 

WK0 

c ... 1 1.92 4.IO6 . Settmg y = —, w=——^ , b = , we get: 
K0 JXii W COS Zr W 

y = (2» + »)±r*» + 4«t ^ _ (70) (y > 2), 

It is obvious that for a larger R the shielding effect must 
be greater; thus, to find a minimum value for K0 we may set 
R ~ oo, or n small as compared with b; actually, at meteor 
conditions, w ~ 4.IO6, n = 0.1 b even for R as small as 0.1 cm. 
In this case (70) yields the following two solutions, valid for 
practically all meteors with R^>o.l cm: 

b 1 
2/i = zä» x i = 

106-R4' 

1 4 IO6  

and Ij2 =-,K2=—— (71). 

The first Solution has no physical meaning, as it may give for 
example, for R ~ 10 cm, x, ~ I O - 1 0 , d ~ IOlo (equation (69)), or 
a ~ 1010.2,76.10~u w1/2 = 500 gr/cm2, which is more than the mass 
of the nucleus per cm2 x). The second Solution is in dimensional 
agreement with (66a) and is the only real one. Thus, with in-
creasing radius, for a completely shielded nucleus the value of % 
tends to a certain minimum value, inversely proportional to the 
velocity and depending upon velocity alone, the limit being practi-
cally reached already for R > 0.1 cm. From the above (form. 66°)r 
(71) must be valid only beginning from about 16.IO6, when 
(71) gives Xc < 0.25, and 66a gives xc-<0.50; there is a contra-
diction, in a ratio 2:1, for the two formulae which agree only 
for w = co, x0 = o. In any case, the order of magnitude of x is 
little affected even at unusually high velocities. 

Now we may proceed to the more important case of P<Cp0. 
The front side of our spherical nucleus may be divided into 

1) In the present subsection a is the mass per cm2 formed by the me-
teor vapours only, without counting the air mass of the air cap. 
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two zones: the zone of unshielded impact, for a<a0, with a 
high value of K = X0, and with a relative cross section of sin2 a0; 
and the shielded area, with a low value of X = X1, with the 
relative cross-section equal to cos2a0. The shielded areastarts 

p with — =1, and hence Xmax = B y 2 (cf. above) may be a iair 
Pn 

estimate for this area. By analogy with equation (68) we set 
as above (the divisor cos a0 allows for oblique incidence): 

1,28 0.67 ™ ( '2), B2 w'2 eos j 1 — ]/^) ' ' ' X1 eos a0 

valid for Jt1 < 0.5. Further, obviously 
x = x0 sin2 a0-I-X1 eos2 a0 (73). 

Substituting in this x from (63'), and applying (64), we get with 
the proper constants 

4,0.106 (1-I- eos a0) , 9 /r_,x X1=-^ °- — X0 Ig2 a0 . . . (74). 

On the other hand (71) gives: 
6.56 eos Ci0 xi ~ w* 
Brw "eos 

(72'). 

These two equations determine x, and a0. The Solution may 
be simplified. From (72') it appears that X1 approaches zero 
for large B, andis negligible even atas small values asB = 0.2 cm. 
Thus, for large radii we set X1 = 0. We then get from (74): 

' - 1 = 1 ¾ + ¾ ( 7 ° ) , 0 r 

C o s a 0 = ———— (75'), and 
x0 b 

b (2 x0 -f- b) 
(x0 4- bf 0 ( 

4 IO 6 

where b= — as before. 
w 

On the other hand, for very small radii the shielding effect 
is nii and we must have x = xL = x0. 
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We notice that (75) and (76) are valid for all velocities, 
and that a0^=0 except for w = co, in which case (76) becomes 
identical with (66") but for the factor x(l. It appears that the 
case P<p0 is the only possible real case, whatever the velocityr 
and that a complete vapour shell can never be formed. 

Assuming x0 = 0.80, from (72') and (74) the following values 
of x and a0 are found for different values of the radius and 
velocity. 

Table IX. 
Values of x. the Effective Fraction of Heat Absorbed by 

the Nucleus During Vaporization. 
Iron sphere; ^r=O0; H0 = 8,68.105 cm. 

W = 16.IO5 w — 25. IO5 W = 50.105 

R X «0 R X «0 R X «0 
cm cm cm 

(oo) 0.75 760 (co) 0.71 70° (oo) 0.60 60° 
0.095 0.76 n 0.10 0.72 0.11 0.63 
0.048 0.78 0.052 0.76 0.068 0.68 . 

<0.037 0.80 <0.040 0.80 0.052 0.74 . 
<0.043 0.80 . 

w = 100.105 tv = 160. IO5 
IV — 250. IO5 

R X «0 R X Cf0 
R X «0 

cm cm cm 

( c c ) 0.44 48° (oo) 0.38 40° (oo) 0.24 34° 
0.10 0.49 0.092 0.45 0.083 0.32 
0.063 0.58 0.057 0.55 0.051 0.46 
0.052 0.66 0.046 0.63 0.041 0.58 
0.045 0.73 0.040 0.72 0.036 0.69 

<0.040 0.80 <0.036 0.80 <0.032 0.80 

The same table applies to other values of zr and H0 after 
multiplying R in the table by the factor 1/ 1In The upper 

r 8,68.105 cos^r 

limit of R for which the table is valid is set by the formation 
of an air cap (cf. Table V). 

For stone, the average molecular weight of the vapours is 
but slightly smaller than for iron, and so also is the temper-
ature of vaporization (cf. Section 1. a, b); the ratio p-is therefore 
practically the same as for iron. More important is the difference-
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in the heat of vaporization; in an integer viscous stone nucleus 
with its low conductivity for heat, vaporization in the thin 
surface layer takes place simultaneously with fusion, and the 
whole heat, q ArIi = 7,7.1010, for stone must be taken, instead 
of h alone ; for a given velocity and radius the vapour pressure 
is smaller, and x larger; Table IX may be adapted to this case 
by increasing the tabular w by 30 per cent, which, however, 
does not introduce essential changes in x. On the other hand, 
the per-volume heat of vaporization is smaller for stone than 
for iron, so that, for a given radius, the stone is vaporized at 
greater heights, with smaller Q and D, and with a greater 
resulting x; to account for this, R in Table IX must be increased 
by õO per cent. 

Table IX refers to the average conditions during the 
process of the vaporization of a nucleus. During the process 
of pure fusion, and before it, no perceptible shielding can take 
place, and x = x0=o.80 must be assumed for this stage. Due 
to differences of temperature, the vapour pressure on the front 
side may be somewhat greater than the pressure on the rear 
side, which means an increased shielding effect; the extreme 
case is no vaporization from the rear side; the values of w in 
Table IX must be halved in this case; however, even a slow 
rotation will strongly counteract this effect, so that in an average 
case the effect must be much smaller. 

Similarly, the shape of the nucleus must influcnce to some 
extent the value of x. Deviations from spherical shape mean 
an increase of the relative surface for a given mass, thus a 
smaller density of the atmosphere, and of the vapours also; 
this would require a value of the effective radius in Table IX 
which exceeds the tabular one by a factor of the order of 

/ here v denotes võlume, S — surface. 
' 3vV 4n 

For a very flat prism with dimensions 1:4:4, the factor 
is stiil as small as 1,25. Taking into account that table IX is 
not very sensitive to changes of radius, or velocity, and that 
the different effects are partly in opposite directions, we con-
clude that Table IX apparently represents the Variation of x in 
most imaginable cases well, with an uncertainty that perhaps 
is Iess than 10 per cent. Thevalue of ^ = 0.6 chosen above for 
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the first approximation seems well to represent average conditions 
during vaporization. Por a constant absolute magnitude (iron, 
Table VIII) Table IXyields: 

w= 16 . IO 5 2 5 . I O 5 50 .IO 5 1 0 0 . 1 0 5 

m0 = 3,X= 0 . 7 5 0 . 7 1 0 .66 0 . 7 0 
TW0= 0,x= 0.75 0.71 0.60 0.47. 

Thus, for an average naked-eye meteor(m0 = 3),the constancy 
of x for different velocities appears to be a good approximation. 

Section 4. 
Synopsis. 

The estimates of the different physical conditions which 
are made in this paper permit us to obtain a clearer view of 
the actual problems set by the meteor theory. A meteor theory 
must be able to account for the chief observational facts: the 
display of visible radiation over a certain limited range in 
height. As for meteors radiation and vaporization are almost 
inseparable, the major problem consists in describing the rate 
of the vaporization of the meteor substance along its trajectory 
in the terrestrial atmosphere. Vaporization may take place in 
two different ways: 1) directly from the surface of the nucleus; 
2) from small drops shed off during the process of fusion. 
In the second case the drops are almost instantaneously va-
porized after their Separation from the nucleus and fusion of 
the nucleus coincides in time with the visible display of the 
meteor; smaller amounts of heat, thus greater heights of the 
visible trajectory, correspond to the second case as compared 
with the first. The two fundamentally different processes of 
vaporization may have their shades and gradations. 

Prom the variety of cases which may present themselves 
only a few typical ones seem to be important. These cases 
are listed below. For the sake of' convenience, absolute magni-
tudes according to Table VIII are partly quoted as defining 
the limits of the validity of the different cases1). The limits 
can be given only approximately, of course. 

1) As noticed before, the marginal cases being actually defined by 
two variable parameters, R0 and wQ, are characterized by little Variation in 
m — f (RlitW0)', the absolute magnitudes quoted here are thus a Substitute for 
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a) Case of an isothermal sphere getting vaporized from 
the surface. This case is the closest to our first approximation ; 
the difference consists in taking into account the Variation 
of vapour pressure with temperature, the heat losses from black -
body radiation, and eventually fissure of the liquid nucleus. 
Siowly rotating small iron meteors, of mQ̂ > 0, P0<0.2 cm, belong 
to this class; those of P0;>0.06 cm will burst after liquefaction 
into smaller more or Iess equal drops which at P0 — 0.2 cm 
already are small enough to be vaporized 10—20 times faster 
than the integer nucJeus would have been; a real burst at the 
end of fusion may thus result, preceded, however, by intense 
spraying of the liquid during fusion; thus, P0 = 0.2 cm represents 
a transition toward case b). Further, slowly rotating stones 
(v = 10), m0>-6 (fainter than m0 = 0) belong to case a), fissure 
never occurring for them. 

In case a), vaporization requires a supply of heat per gram 
of the nucleus: q preceding vaporization, Ji during vaporization. 

a') Case of a non-isothermal sphere with complete fusion 
preceding vaporization. Only iron meteors of slow rotation 
m0 c o , P0 <0.1 cm may belong to this group (a narrow group 
with high velocities and intermediate radii, not represented in 
Table VIII). 

The supply of heat required by the nucleus for vaporization 
is exactly the same as in case a), and from the standpoint of 
the display of light the case must be closely similar to a). 

b) Case of an isothermal sphere with complete spraying 
during fusion. To this case belong: iron meteors of slow 
rotation, m0> 0, P0 > 0.2 cm; iron meteors of fast rotation, 
m0>0, all radii; stone meteors {v= 10) rotating fast, m0 >6. 

The supply of heat per gram of the nucleus is: q1 — /'pre-
ceding spraying, f during spraying. The formulae of the first 
approximation apply also to this case, with /'and qx — /'substituted 
for Ji and q. 

c) Case of a non-isothermal sphere with complete spraying 
during the fusion. To this class belong: iron meteors of slow 

the more coraplex characteristio (7?,,, ?c0); the values of m„ need not be, and may 
not be accurate, because of the lack of knowledge with respect to fi\ at the 
same time, these conventional values of m, define in a unique manner (7/,„ ic0), 
according to Table VIII. Cf. Section 3. e, f , h. 
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rotation, mQ<i0, B0~>0.2 cm; iron meteors of fast rotation, 
my << 0, all radii; stone meteors (v = 10) rotating fast, — 1 <<m0 < 6. 

F1Usion starts at the surface when the inner portions of 
the nucleus have not yet reached the temperature of fusion. 
The heat supply per gram of nucleus is: Iess than qx —/' pre-
ceding spraying; more than /"during spraying (g, in the limiting 
case). The formulae of the first approximation cannot be well 
applied to this case. 

d) Gase of a non-isothermal sphere with the liquid vapo-
rized "on the spot". Stone meteors (̂  = 10) belong to this case, 
brighter than Wi0 = 6 for slow rotation, and brighter than 
m0 = — 1 for fast rotation. Also, slowly rotating iron fireballs 
of m0<C —12, and stiil larger fast rotating ones may be counted 
with this case, but for such bright objects complications from 
an air cap arise, which make them a special class (cf. next). 

The display of light in case d) starts early and ends late. 
The heat supply per gram during vaporization is: more than h, 
attaining q-\-h in the limiting case, thus larger than in all the 
preceding cases. This case permits of simple mathematical 
treatment (cf.5), very different from the first approximation. 

e) Same as case d), but with an air cap. Very bright 
fireballs, and meteorites belong to this class. 

In the second approximation, cases a) and a') may be joined 
together; the same refers to b) and c). Thus numerical 
computations are required for three cases, of which d) may be 
treated analytically, the other two cases by mechanical 
quadratures. 

According to the order of the relative length of the trail 
(or range in height) the different cases may be classified as 
follows (order of increasing length): b); c); a); a'); d); e). 

The same is the order of the decreasing height of the 
point of disappearance, for constant radius and velocity. With 
respect to the length of the trail, however, for large size meteors 
c) may follow a'). 

Bursts may be explained partly by the sudden spraying of 
the liquid, apt to happen in transition cases d) — c), and a) — b), 
or a') — c); minor bursts may be due to the spraying of fusible 
inclusions (Troilite); occluded gases will help spraying and 
favour bursts. 
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Conclusion. 
Oar first approximation of the physical theory of meteor 

phenomena developed above can be applied to the analysis of 
certain kinds of observational data, such as the average heights 
of meteors and their relation to velocity, luminosity, and the 
density gradient of the atmosphere. The first approximation 
gave us also a means of describing qualitatively and quantit-
atively the different physical conditions of meteor phenomena; 
the knowledge of these conditions is required to form a basis 
for the second approximation, a more detailed theory of meteors, 
a theory which must explain the Variation of luminosity along 
the trail, as well as a number of other important details without 
which a complete understanding of meteor phenomena cannot 
be attained. The second approximation is developed by a purely 
numerical method, because a satisfactory analytical treatment 
seems to be impossible, except in a. few particular cases, in 
view of the complexity of the conditions. It may be added that 
most of the computations required for the second approximation 
are completed. We hope to give soon the results, together 
with a comparison of the theory with suitable observational 
data. 

Tartu, February 13, 1937. 
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