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level is a fraction % of the relative kinetic . energy of the
traversed air mass, or .
. 1

F=zxMw® . . . . . . . . (19).

L\')

The mass of the nucleus per unit of its cross section is
-n6R3 avR"——éR

Let the total amount of heat required to heat the unit
mass of the meteor from a certain initial temperature to
vaporization be ¢=gq,-} ¢», where ¢, is the heat up to, and

including fusion. Liquefaction is complete when F=§6Rq1, or
when the air mass is

M, = —%6_%—530 (liquefaction) ... (20);
xw?,

here R, is the initial radius. Similarly, vaporization starts when

M,= % (point of appearance) . . (20).

After the beginning of vaporization, the amount of heat absorbed
by unit cross section of the nucleuswhen passingan infinitesimal

. . 1 . : . L
air mass dM is dF'= 5 #zw® dM. This heat is spent in vaporization,
i. e. in diminishing the mass per unit cross section, or

dF=—hd(;oR).

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

M=% = [ +h(1——)] .. (21).

The equation is valid during vaporization only.
For R =0, or for the point of disappearance we get:

xaw*

(22).

The ratio of air masses at disappearance and appearance is
" M; _4q +h
M, g
Formula (28) actually determines the effective length of
the observable trail.

(28).



24 E. OPIK T.P.29.5

Assuming a uniform atmosphere,' we get the density of
the atmosphere at a certain point of the meteor path from

. M cos z,
H, )

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

. (17") (cf.Section1.h.);

for which the ratio % is the same similar points. From (21'),
0

(17°), and (15) we get the following equations which permit us
to draw some general conclusions regarding physical conditions
at similar points of the trajectories of different meteors:

__ $ 0B, cos 2 R ‘

AT [q +h (I—E)] L (29,
( Hynw?g, ]
.H= Hlo 10g{8 . E } . . (25),
| l-s-dRocoszr lq—[—h (1 Ro)]J |
where

H, .

H,= Toge — 2:308 Hy . . . . . (26)

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

From (25) we find that the difference in height of similar
points of the trajectories of two meteors is

B,

w cos
H,—H,=H,, (2 log i—log E—log cosz;

) .. (27),

where w,, w,, R,, R, are the initial velocities and radii of the
two meteors, z,, z, — the angles of incidence.

For meteors of different composition but of the same radius
and velocity (¥ and H, assumed to be constant) at similar points
of their paths we find that the density of the atmosphere is
proportional to dg at appearance, and to 6 (¢-}%) at the point
of disappearance.
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The difference in height is in this case |

N
Ro)]
1y 124 -R |
I+ (1— g )

0

y o !
H—HEPJ%P%?ﬁMg

(28).

Formulae (27) and (28) hold not only under the restrictions
of the present approximate theory, but partly also in the general
case.

From (28), (17), and (15) we get the difference between
height of appearance and disappearance:

m—m=muwwy.----@%

thus the range in height depends only upon the heat ratio of
the material and upon the vertical density gradient of the
atmosphere.

The length of the observable path is evidently

¢+h

J SRR (30),
or it increases with the increasing angle of incidence; this
latter statement is confirmed, qualitatively at least, by direct
observations!). As to the absolute value of L, formula (30)
depends greatly upon the validity of our assumption 1); it is
not advisable to use the formula for stone meteors.

Meteor observations actually 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 with (80), give with a fair degree of
approximation :

L= H,,sec z, log

Log R —— —2—m0

1
= Mo — log w — 3 log cos z, - const.

Substituting this in (27), we get, for two meteors of the

same composition:

cos z ,
Hl—H2=H10[310g + (ml_nzg)_'g l b cosz;]' °« o (27);

1) E. g. in the Leonid shower of 1931 as observed in Arizona, when the
shower started with long trails (50—&00), the radiant being low; when the
radiant was high, the trails became short (5—100).
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here m, and m, are the absolute magnitudes 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 differential formula it
remains more or less 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 1. a,
we find (assuming an initial temperature of 280° abs., and an
effective temperature of vaporization of 2800°):

g, =1.18 X 1010 (erg/gr); go="7.5 X 10%; ¢ = 1.93X 101°;
h=6.0 X 10%; ¢+ h=7.93 X 10'7; |

qjl_—h=4.11 . . . . . . . (irom).

For stone, the data are less certain; with an initial tempera-
ture of 280° and an effective temperature of vaporization of
2300° we find, according to Section 1. b:

g, = 2.01 X 101%; g, = 6.5 X 10?; ¢ =2.66 X 10°;
h=15.6>101; g4+ h =7.86 X 101°;
gZ%L=2.95 .« « « « . .(stone).

The parameter of the atmospheric density gradient, H;,
(or H,y), can be obtained from observations only; an accurate
value can be derived only with the aid of a more refined theory.
However, for the purpose of preliminary estimates we must
know H,, approximately at least. Approximate values of this
parameter may be guessed in different ways.

1) Assuming the upper atmosphere to be in radiative
2880

equilibrium with the surface ofthe earth, T'=——, g = 903 cm/sec-

V.Z -
from (18) we get, assuming u = 28.82, :
H;,=2.303 H, = 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 Pultusk meteor, in Section 1. g we estlmated
H,, =33 km for the topmost atmosphere (above 180 km).

3) Unpublished results of the Arizona Expedition !), referring

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

H,,=24.6 %+ 1.1 km.

In the numerical estimates of Section 8., the round value
of H,=20 km (or H,=8.7 km) is adopted. Taking into account
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 H,; 'in any case the
error cannot be large.

Section 8.

Estimates of the Physical Conditions, on the Basis of the
First Approximation.

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 they may be applied also without the above
limitations.

a. Difference in height of stone and iron meteors.

When dealing with differences in the composition of
meteors, it appears to be sufficient to consider only 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 circumstance 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
spectral! stones and irons seem to appear more or less equal
in number, acircumstance which may represent actual conditions.
Large meteor showers, such as the Leonids, however, seem to
consist almost exclusively of stone!!. 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 the properties
of stone relative to iron.

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

g+
L stone log g _ log 2.95

: = == = 0.765. .
L iron log g—l—h log 4.11

Small slowly rotating stones are expected to yield shorter
visible trajectories than smallirons (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 H;,=4.4 km higher,
and disappear 0.365 H;,=7.3 km higher than iron meteors of
an equal radius; the middle of the visible path is expected to
lie 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 H;,log 1.82=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 H;,=38.2 (+) 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.

b. Fissure and spraying of the liquid.

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

From equations (11), (4) ¢), (17'), and (20) we find
the condition for the breaking of a drop just at the
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moment of complete fusion to be independent of velocity
and given by

Ry> R, =V% ogf" secz, = l/q—ol seczy,...(31), where O=-g- axaﬂo.
For the point of appearance the same formula holds when ¢ is
substituted for g,. '
We find the condition of first rupture during the process

of vaporization by setting the variable radius R in (21") equal
to R,. Let

R —_—

=
from (11), (4) (4'), (17), and (21') we get for the initial radius
of a drop which breaks first when the radius has decreased to
R =y R,, the value

| R, O sec z,
R, = A )
Y ‘/y[cﬂ—h(l—y)] (38)

We notice that y varies only within the restricted limits
from 1 to 0. For this interval, the expression (83) reaches a
minimum when

(82);

h |
y=y0=q—j—h——.......(34)

if g < h,a condition fulfilled for most substances. This minimum
value of R, is

. V 4h  Csecz, /2Csece,
)=

G5 @+n Vwogtn O
Meteors of initial radius smaller than (85) never break from
asrodynamic pressure. The formula does not apply to the case
of detached drops originating from a larger nucleus, or to the
fissure products of an originally larger drop.

In deriving (34) and (85) 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 trajectory
computed from the preceding formulae and the numerical
constants adopted above.
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Table III

Limiting Conditions!) of Fissure of the Liquid Meteor.
Vertical incidence (2, = 0°); %=0.6; H=28.7 X 105 cm. a: first
fissure at liquefaction; &: first fissure at point of appearance;
c¢: first fissure at point of optimum fissure, y =y,, or ultimate

limit of fissure

Limiting initial

Ql

Q
<
o

radius R,, cm

a | b | ¢
Iron 900 |19.02 107 0.661| 0.087 | 0.068 | 0.059
Stone | 380 [8.75X107| 0.702| 0.066 | 0.058 | 0.056

When the radius is smaller than the value given under
the heading “¢” of Table III, the drop is expected to maintain
its integrity all over its path. For other angles of incidence, or
other values of H, the values for B, of Table III must be mul-

tiplied by VH;;’ ;efo:’. The uncertainty in the basic physical

data is considerably diminished for R, by the square root in
formulae (81) and (85). 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 less
sudden outburst of light due to the spraying of the liquid into
millions of drops; bursts and “spindles” observed in bright
meteors may be apparently explained in this way.

However, for stone meteors viscosity may prevent fissure
(Section 8. e); also, it appears that rotational centrifugal force
may be a more powerful spraying agent than aérodynamic
pressure; in such a case the outbursts of light must be explained
in a different way (cf. Sections 8. d and 4).

In the case of fissure into smaller drops, each of radius ~ R,
the surface exposed to aérodynamic heating increases in the ratio

R R . 1
= ;;f. According to (11), R, ~7~accordingto(24),ps ~0~R,.
Hence R,ENR ; if for case ¢, Table 111, R_ = 1, for iron of

8

R,=0.286 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 still 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
17 ~0.1 can be retained by the “shield”, the rest being sprayed
away, when R=25 R,, or R,~ 0.5 cm; the detached drops
are pulverized into pieces of the order of R, small as compared
with R, and therefore practically instantaneously 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 z, = 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:

Table 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 56 4.4 3.0
m, Stone 983 7.9 6.6 5.4 4.0

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

The figures of Table IV depend upon certain assumed
values of the “heat factor” 8, 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 systematically
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 theory* 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 theory '8 the neglect leads to a striking contradiction
between their postulates and consequences. These authors, by
assuming a very small value of x, arrive at very high densities
of the atmosphere along an average meteor path; with such
densities, violent fissure into smaller drops must occur (even
the viscosity of stone cannot prevent fissure in such a case),
so that a theory based on the assumption of a meteor unbroken
all over its trajectory cannot have much resemblance to what
actually would occur. We may add that Lindemann and Dobson’s
chief postulates, which led to the small value of » and great
atmosphere densities, namely, the assumption of an air cap
in front of the meteor, and the assumption of the adiabatic
formula for the temperature in such an air cap, do not hold:
the first assumption for reasons put forward by Sparrow* and
Maris 4, and explained in the following section; the second
assumption because it violates the fundamental law of the
conservation of energy?!). Hence it follows that Lindemann and
Dobson’s theory, containing gross errors in the postulates, and
leading to consequences contradicting their own postulates,
must be rejected. ' '

c. Formation of an air cap.

When the velocity of the meteor is large as compared with
the velocity of sound in the undisturbed atmosphere, the air.
mass, or the mass per cm?2, accumulated in front of the meteor
is proportional a) to the density of the surrounding atmosphere
(independent of velocity, because the velocity of forced escape
sidewise from the air cap is proportional to the velocity of the
meteor 1%,1%), and b) to the radius of the meteor (by reason of
geometrical similarity). Thus, the air mass

a~QR.

Neglecting fissure and spraying in the following, we assume
evidently maximum values for R and o (because the non-breaking
meteor will penetrate into deeper portions of the atmosphere
than the actual meteor that breaks); thus we get in such a

1) cf. Sparrow,: “ .. The use of the adiabatic equation by Lindemann
and Dobson is therefore equivalent to the assumption that a elocity of 60 km/sec
is small compared to one of 0.5 km/sec”. Alsol, 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 radlus (according to Epstein’s data’® it is

of the order of B for the “ideal” case and actually smaller on

account of coohng through contact with the nucleus and through

radiation). We assume simply an average surface density (R gr

and an effective velocity of sidewise escape Zw. The mass of
air caught per second by the cross section of the meteor is
wR?w; this must be equal to the mass escaping sidewise, or
to 2w Rakw ; hence we get

a =

2k Re.

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

along a diagonal,Epstein’s data 16 give a=% bo, where b is one-

half of the diagonal; within a close order of magnitude, for a
sphere we may assume b = R, and

3
-_ E RQ . . . . . . . . (36)’
or 7c=1 for the “ideal’” case.

With cooling in a ratio g, the velocity of escape sidewise

will be smaller in the ratio VTO (neglecting viscosity), or a larger

in the ratio V—g" On the other hand, the fraction of heat
absorbed by the nucleus is evidently close to

_ T
n=1— TO,
T _
OI"T;"——l—'% o e e e e e (37).
Hence we get for a cooling air cap
~ 3Ro
= " 38).
2V'1—% (88)

According to thisformula, a increases with increasing #; according
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to Table II, the inverse relation takes place (d ~ a). 4 certain
solution 0 < %< 1 must satisfy both conditions.

- 'We are interested in the existence of an air cap on]y SO
far as it prevents the flow of heat toward the nucleus, i. e. so
far as it makes # smaller; on the other hand, from (28) we infer
that the largest value: of % 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 a?l):

am=2RQ(gr9) 2 ... .. . (88).

cm-~

Substituting BR'= R, y, and ¢ from (17') and (21'), we get for am
an expressmn which contains the product:

ylg+r A —y) | |
already investigated in Subsection 4. Along the meteor trail it
reaches a maximum when y =y, (cf. form. (84)). At this point
of the trajectory the mass per cm?® of the air cap is the largest
for the given meteor; for this maximum maximorum of a we get

- R; cos z,
] e 6(q+h>2

with our adopted data C, =2.09 X 108 for iron. Our incipient
air cap corresponds to the case when a. is equal to the air mass
of the half-energy range, 1, (d =a/A;,=1, cf. above). We must
take into account the change of 4, with velocity3). If 4, refers
to N.T.P., the transition value of a,, is1.298 4, X 10-%. Substituting
this in (39), we calculate R, for different velocities and for an
average z, — 45°. The results are*) (iron):

1) In other words, we are IookingA for the condition of an incipient air
cap, such that a is of the order of the half-energy range, d =1 in Table II, or
% =0.77; with »y=0.8, = 0.6 appears to be close to the maximum possible
%o
value in such a case.

2) Round value of the coefficient used

3) According tol; cf. Subsection A.

4) In 1, p. 23, formula (15), a factor of 108 is omitted. The calculatlons
were made with the correct formula, but in Table VII, loc. cit., R, 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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w, km/sec 14.8 29.6 59.2 118.4
10° Ao, €M 8.4 11.7 14.1 21.0
R,, cm 0.40 095 2.14  5.07

Comparing these results with Table III case a, we see that
the air cap starts at values of B, much larger than the limit
of fissure at fusion. Actually at the moment of complete fusion
the original drop is broken into thousands and millions 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
still 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 (88’) (with R= RO),
(20) and (17): :

R, cos z, | |
Om = 02 T . (40), where
16 dq
G =3 Hpx

For iron we have
Cy = 9.4 XX 105, 4

Table V gives the results of a computation according to
(40) for z, = 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 5Y.2 118.4
Minimum By, cm 0.60 1.4 3.2 7.6
Appar.magnitude 0 —5 —11 —16

We notice further that the minimum radii found in this
way correspond to an air cap of thickness less 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 %z we should have a layer at least four times thicker than:
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that (cf. Table II) which means the doubling of E,; the corre-
sponding l1m1t1n0* magnitudes must be set in this case by 2 mag.
brighter.

Thus we may repeat our former conclusion that “the’
formation of air caps is limited to fireballs of quite unusual
brightness”!). When dealing with the statistical material of
visual observations of meteors, we feel safe in neglectmg the
formation of air caps.

d. Rotation and oscillation 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 processof 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 Totate at very high speed,the mean equatorial
velocity being of the order of 8000 cm/sec for R=10.1 cm. If
this is true, the theory of a slowly rotating meteor applies only
to exceptions, whereas the rule is the theory of a meteor in
rapid rotation?. Let us consider this case more closely.

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

which, in notations of I, is equal to % Let the effective

1) Cf.1, 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 msteor, to remain similar; cf.
Subsections ¢ and .
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radius of the drop shed off be r; a very close estlmate of this
quantlty may be obtained from the equation

2 2
3 730 -ge— = 2 7110,

in known notations. From this equation, for iron, and practically -
also for stone (with the adopted values of o at fusion), we get

r=%....... (41).
‘Substituting for U, its expression from (9) of II, we get
‘ ) | |
ry = '@ RO . (42)

- The first drops shed are thussixty times smallerin diameter,
and sixty times sooner vaporized than the integer drop would
have been. The proportionality of » and R obtained is curious.

As the process of spraying for a given nucleus goes on,
the angular velocity of rotation decreases on account of loss
of momentum through the liquid travelling from the ‘“poles™
toward the “equator” which it leaves with the highest possible,
speed. For constant angular velocity U.~ E; hence (41) yields

r ~ R and%'fv R—", Because the angular velocity is not
constant, but must decrease gradually, the increase of the

ratio 7;— will proceed faster than estimated above, with a negative

power of R larger than 3 we may estimateitroughly at% ~ R,

2 b
Thus, for the validity of (42) as an initial condition, when the

shrinking radius of the meteor reaches about one-fifth of its

original value, % = 1, or no spraying or breaking can take place

any more. The remnant core of the rotating meteor will move
on without further fissure. The maximum diameter of individual
drops (not counting fissure from aérodynamic pressure) is equal
to this remnant core, or not more than about one-quarter of
the initial diameter. It is clear that in the case of rapid rotation,
the theory of meteor phenomena is very different from the theory,
the basis of which has been exposed in the preceding sections.

The upper limit to what we called “slow rotation” , in
connection with the first approximation, may be defined now.
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An increase, as the result of spraying, of the surface exposed
to aérodynamic heating to double the original value may be
considered as determining the margin between ‘“slow” and

<fast” rotation. This co'rresponds to Er= %; equation (41)
yields in this case:

’ ﬂ /—(ﬁ cm :
Ue=VE—121.l FS_GE . . . . . (4:3).

1t
30
estimated in I7, (9). Thus, for an average naked-eye meteor, an
equatorial velocity below 100 cm/sec, or less than about 100 revo-
lutions per second, may be called ‘“slow” from the standpoint
of centrifugal force. From the reasoning put forward in I,
such a low rotational speed appears extremely improbable, unless
the space density of hyperbolic meteors is thirty times smaller
than that assumed there.

A8rodynamic resistance can hardly stop or change the
original rotation of a meteor considerably if it is fast enough.
For a symmetrical body (sphere) the effect is practically nil,
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. For a non-
symmetrical bodyaérodynamicresistance under certain conditions
may stop slow rotation. In the interaction of aérodynamic
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 short time of visibility of
the meteor), unless it is stopped during the first negative phase.
Actually the meteor moves in an atmosphere of increasing

The margin equals " of the probable velocity of rotation,

1) This holds exactly for the particular case of aérodynamic 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.



T.P.29.5 Theory of Meteor Phenomena 39

density, so that the positive and negative momenta also steadily
increase. For 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 agérodynamic pressure due to the
change of relative velocity during rotation (U, assumed small.
as gompared with w); actually the relative asrodynamic 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 retardatlon of rotation for
a given density of the atmosphere..

Let the angular Veloclty of rotation be w, the period thus

%”. For a body of a given shape and dimensions the change of

angular velocity during one phase is Adw=+kw?p, the value
of the constant % depending upon the shape of the nucleus;

according to (15), with %l = — w C0S 2, OT H= —wt cos z,4-const.,
wt CcOoSs zr
we have o = e Hy, s const. Let us subdivide time into
intervals of the half-period of rotation, according to the phases
of interaction, and let the ordinal number of a given phase be n;
we have
| t ="" and
®
Ao = + kw? ',
JTW COS 2y
o H,

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;

where b = (44).

. m=—oco, and is equal to—Huw2 T—o% the sum of all the

q@m+n
negative impulses up to n41 is ev1dent]y — kw — > the

angular velocity at the end of the (» -+ 1) impulse (the last one
being negative) is thus

 kw?etn (et — 1) |
= a)o - (1 — e__zb) . . . . . o (45)

When (45) yields w<C0, it means that rotatlon is stopped
and converted into oscillations.
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When & is small, which means that the atmospheric
density changes little during one half-revolution, we have

a)=a)0f—%kw2 e . . . . . (4%), or
.a)=a)0——12—kfw2g N €1 10 B

where the arbltrary constant of the den31ty formulais mcluded
in the factor %.

Thus, for given angular and linear Velocity, and for a
meteor of definite Qhape and dimensions, there exists a certain

value of Q=\Qs= ; at which rotation is stopped The larger

2
coo is, the larger is g,. 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 ¢,.; when on. <os,
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 {o.it. The limiting
value of the period of rotation was found to be of the order of

V sec zr

75
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 (¢3).
'As in most actual cases we may expect a closer coincidence of
the centre of mass with the resultant vector of the aérodynamic
force 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 aérodynamic resistance, it is
replaced by oscillations, which maintain a period of the same
order of magnitude as the period of the original rotation. From
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 périod of rotation itself, or the mean

angular velocity was assumed constant for the whole meteor trailin
the preceding formulae; the assumption being admissible with

seconds (based on the first approximation),independent
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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 afrodynamic 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

: 1 1
too unusual a shape, may lie between 15 t0 155 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 no
trace of an air cap is present, e. g., for meteors of radii
~considerably smaller than those of Table V; as, according to (40),

‘the air mass of the cap changes as R,, about :—3 to i of the

radii of Table V are sufficiently small to render the aérodynamic
effect of the air cap negligible; for average meteor velocities
this condition is still satisfied for practically all naked-eye
objects. For 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 aérodynamic 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 agrodynamics
and the extreme case of the two hemispherical cups of a Robinson
anemometer. For such cups, the aérodynamic pressure upon
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 aérodynamic 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 (10%) we get

Aw = — 2(g+h),

nw
For iron, the following values are obtained (%= 0.60):

w, cm/sec. 20X 105 80X 10°
— Aw, cm/sec 1.32 X 10° 8.30 X 10%.

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 irregular 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==20.10°%), or 60 to 600 cm/sec (w=80.1(%).

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—x,=10.20 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=20.10%), or 38 to 30 cm/sec (w==80.10°), 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 380 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
favourable for 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

8 0g Rywcosz,
— e « « .+« <« . (46
9 < kt Ho ( )’

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

AT

w= 20X 10> 80X 10°
iron, B, < 0.07 0.035
apparent mag. in 45°> 7 5 (AT=200°)
stone, R, < 0.018 0.009
appar. mag. > 11 9

The adopted difference of temperature is not small taking
into account that the difference increases as R.,,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 E, must
be increased four times [(or AT is 16 times.smaller than in (46)];
thus the margin of equalization at starting fusion is: for iron,
R,=0.28 to 0.14 cm, for stone, R,=0.07 to 0.085 cm, for the
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same velocities as above. It may be assumed that practical
equalization of temperature in the solid nucleus sets in foriron
meteors fainter than the 274, and for stone meteors fainter than
the 6 apparent magnitude. This conclusion, derived for the
moment of starting fusion, remains practically valid also for
the earlier stages, although the conditions of equalization of
temperature are somewhat more favourable then; also, oblique
incidence of the meteor trajectory favours equalization (AT ~cos z,).

Fusion of the nucleus evidently starts at a spot exposed
to the highest aérodynamic pressure, on the front side of the
nucleus; the aérodynamic pressure compels the fluid to move
and collect on the rear side of the projectile when rotation is
slow (the fluid moves to the ‘‘equator” in the case of fast
rotation); let us comnsider this effect more closely. '

The pressure produced by the mostly inelastic impacts of
the air molecules,in the absence of an air cap, is not perpendicular
to the surface, but more or less in the direction of motion (cf.
Section 1. d); therefore a tangential backward directed force
acting upon the liquid layer exists, the force resembling more
a force of viscosity or friction than true hydrodynamic pressure;
such a tangentially dragging force, independent of the thickness
of the layer, is much more efficient in propelling a viscous
fluid than hydrodynamic normal pressure, the efficiency of
which is proportional to the thickness of the liquid layer. To
get an estimate of the existing conditions, the following theory
may be regarded as sufficient. Instead of using variables in
their complicated relationship, we introduce average, or effective
quantities. Let AR denote the effective thicknéss of the liquid
layer, flowing with a surface velocity «, from the front hemisphere

toward the rear of a nucleus of radius R, and letJR—R be small

(only in such a case is the sweeping" of the liquid toward the
rear efficient, from the standpoint of the meteor theory). The
total tangential force of aérodynamic resistance, acting upon

the front hemisphere, is equal tOéJERgps; this we set equal

to the total viscosity friction in the liquid layer, 2w R2 » -ng;
hence we get -
' : 1 Ug V

g}?s= AR ., « e e e ((1).
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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

E Us0
f

3 .20RAR . . . . . . (b).

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

AR_V21”5 N ¢V}

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 = 2w R’ kt. A_R « e e e . e (C)

With the aid of equations (10), (20), and (17), we get
2 dq, ‘
AT= 3 T H, .RAR.wcosz.. . . . . (48);

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 might have been expected. Further, as roughly speaking
the luminosity 7of a meteor isproportional to R® W3, or RW ~ I*
we notice that in (48) and (47) the actual argument is luminosity,

AR ~ I'» 92 and
AT ~ I g,

This is not exactly true, because the luminous eff101ency
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 AT are large,
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 AT are small (47'<C500°+ for
stone, <C1000° 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 », the coefficient
of viscosity, and %, the thermal conductivity (assumed to be
the same for the liquid and the solid).

For stone, at the temperature of fusion, values of » of
about 100 have been observed (cf. Section 1. ), and, for the
more elevated mean temperature of the liquid layer, a value
between the extreme limits 10>»>>0.1 may be suggested
(ibidem). In view of the cold bottom of the liquid layer, the
upper limit »=10 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, » =10, Slow Rotation.
m ==apparent magnitude at z=45%; 2z, = 0°.

R=1cm R =0.1 cm R=0.02 cm
AR | AT |m| AR | AT | m| AR | AT |\ m

w =16 km/sec | 0.035| (240009 | —1] 0.011 8000 | 7| 0.005 | 700 |13
w=40 , , |0.054| (92000) |—5| 0.017| (3100) | 5| (0.008) | 270 | 10
w=90 , , |0.081|320000) |—9| 0.026| (10000) | 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 slower_
meteors of such a radius (m =10 and 13) are molten through'
before vaporization starts, whereas for m =7, AT = 870° suggests
boiling (under low pressure) at the surface while the centre is
still melting.

For =1 cm, the Values of AT are enormous; this means
that the layer never reaches the computed thlckness 4R, but
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starts boiling when its thickness is of the order of ARXIE—OI?;

such a thin layer sticks to the surface by reason of vis-
cosity. Thus, for R=1 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. R=0.1 cmrepresents an intermediate case,although
more similar to R=1 cm, than to R=10.02 cm.

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

If we assume the less 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 27¢ apparent magnitude the
conditions are the same as they were in the case of » =10 for
m<17; for those fainter than the 4™ magnitude, an efficient
transport of the liquid under the influence of aérodynamic
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 less exposed
to agrodynamic 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 7% magnitude thermal conductivity takes the place of
the immediate transport of the liquid.

As to iron, its low viscosity (v=0.01) and high thermal
conductivity altogether change the picture; the values of AR

equal 4—10th, those of AT only %Gth of the corresponding data of

Table VI. For all naked-eye and telescopic iron meteors the
frictional transport of the liquid is very efficient, A7 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 fissuie (Table I1I), a spraying
of the liquid (cf. Section 1. f and 8. b), instead of an accumulation
at the rear takes place. Only for iron fireballs brighter than
magnitude — 12 the liquid layer cannot attain its equilibrium
depth and starts boiling at the surface instead.

" As to the liquid drop, convection currents produced by
aérodynamic 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
liqguid 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 isolated
drops can be formed which are maintained at a more or less
uniform temperature either by mechanical convection, or by
thermal conductivity (very small drops). Computations corrobor-
ating these conclusions have been made; they are not given here.

f. The process of fusz’oh_ of a nucleus in fast rotation.

With the average speeds of rotation considered as probable
in II, and in Section 8. 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 aérodynamic friction,in all cases where the transport
of the liquid by aérodynamic friction is found to be efficient the
spraying by centrifugal force must be still more efficient; thus,
according to the preceding subsection, all fast rotatingiron meteors
actually spray their substance during a more or less isothermal
process of fusion;the vaporization takes placein 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 8. 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 » (same formula), we find the time of
separation of the drop approx1mate]y equal to :

__ 8w?Ryv _ 92007R,
U6 U

7= 0°.01 may be regarded as sufflclently short an 1nterva1 as
compared with the life time of the meteor; assuming this as
the maximum admissible for efficient spraying, and with » =10
we find the condition

. (49)

: U,> 130 R® cm/sec . . R (50).
Equatlon (9) of IT gives ’
U, =1140 Ry, . . . . . . . (51)

as a probable mean value. Condition (50) is fulfilled in this case
for R, < 6 cm, thus over more than all the range to be considered.
(Joa31der1ng 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 thlckness of the llquld layer

1/8 q,v 1%3%0('0q Zr
8 fH,0 U. '
and J the same as in (48) Assuming (51), w1th »v=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:

. (52),

Table VIIL |
Size of Fast Rotating Meteors
with AT'=500° in the liquid layer.
Vertical incidence.

w 16 X 10° 40X 10% = 90 108

R, 043 - 0.28 0.18

m 2 0 0
AR 0.0008  0.0008 0.0001
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As in the present case AT~ R, w"v" (cos z,)", the limit-

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 v=10; 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 », the hmltmg radius is R, ~ v~ "

thus varying slowly. For »=0.1, the limiting magmtudes
(I ~ R, ~ v~ must be set by 2—38 magnitudes brighter than
those in Table VII. Stone meteors- of greater size than the
limiting one, even when rotating fast, are expected to behave
like non-rotating meteors (cf. preceding subsection). '

9. 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 particles the
radiation of the nucleus may absorb all the kinetic energy, and
the particle may be decelerated to zero velocity before it reaches
" a temperature sufficiently high for vaporization.

For a given surface temperature T, the re]ative importance

of vaporization and radiation may be set equal to ! o S Foraniron

surface, the data of Table Ilead to the following values of this
ratio:
T 1800° 2000° 2200° 2400° 2600° 2800° 3000°

% 0.062  0.31 1.09 8.0 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 16009,
as a guess. -
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Let us consider very small meteors for Whlch radiation
losses become important; neglecting the heat spent in heating
the nucleus, the equilibrium condition between aérodynamic
friction and black body. radiation, together with the condition
of deceleration [cf. (10%)]

4 R? Qdt = % o R3. ;— w dw,
lead to the following expression (iron): ‘

H, sec z,0

T=6.86w, 0 ¢ 19E

w, being the initial velocity. This expression yields a maximum

18.9 R cos z,)1/4

H,

Setting Tw. = 2200° we find the following maximum sizes
of iron particles which are stopped in their motion before
sensible vaporization sets in:

| wy =16 X 105 wy= 64 X 105
Sec z, = R=5X 10"*cm R=8X 10—%cm
sec z, = 10 R=5X10"3cm R=8X 10~%cm.

The apparent magnitude of such meteors lies between
the 25% and the 40%; thus only such “ultra-telescopic” meteors
may reach the ground without losing much of their mass through
vaporization.

For stone, and for an upper limit of temperature 7', = 16000
the limiting radn 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
particles may be as large as 0.01 cm in diameter; for average
velocities, particles of the order of 10— cm will certainly be
caught “uninjured”.

Tras = 3.18 wg ( (53).

h. Working tables of absolute Magm'tudes.

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

A
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of atmospheric absorption. The zenithal magnitude, m, (cf.!?),
does not differ much from m, for most “ordinary” meteors.
With the existing system of stellar magnitudes we may write
my=246—25logl. . . . . . . (5%),
where I is the “visual” intensity of radiation in ergs per second,
“visual” denoting the spectrum interval 4500 to 5700 A. The
average value of 7 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 :
I— gﬁd ”712”“. L. (8B),
where L is the absolute length of the visible path, 8 — the
visual efficiency of radiation (cf. 4). The chief uncertainty of
our estimates lies in the factor 8. In 4 we tried to estimate
the order of magnitude of #; 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
cloud of 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 8 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 consider first the case of a non-breaking spherical
iron nucleus as in Section 2. At a certain distance behind the
nucleus let d; 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 d; ~ w™" for a given linear thickness and
density of the coma. The fraction s. of secondary collisions
which happen within the coma is estimated as follows:

di 0 3 6 9 > 12
s 0.00 0.23 0.51 0.72 1.
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If 8, and 8, are the luminous efficiencies correspondirg to no
coma, and to a compact coma, we may set:

B=Bo+sBe—PBo) .- - - - - - . (56).
Let 2 « be the diameter of the coma at a distance y behind
the nucleus, and y the mean density over that diameter.
We have
2y
) bwllz °

where bw” is the half-energy range in T 5 =12,76.10

di = (57),

—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 %pace (dens1ty of coma >> density of

atmosphere), with a veloclty dt and b) of the backward

1+ w
motion relative to the nucleus, due to the inertia of the admixed
air molecules, ‘23; lwu . Here wdenotes the effective proportion
T®w -

of admixed air (cf. 4, p. 84);
2h 2

xw? R? (58),

U =

in adopted notations.
The paraboloid outline of the effective boundary of the
coma results from the above equations as

=2 2.
2 l/”“’ Y2 1 ... .. 9.

Farther we find from the above equations and from the
consideration of the total amount of vaporized materjal tlowing

backward through the cross-section mz? with the velocity g—f
(except for « very small):

1 2
y= (+Zf“) L. ... . (60).

From (57), (60), and (58) d; for given o and « can be deter-
mined. An effective value of w=w is defined by the condition
that one-half of the energy of secondary collisions be liberated
for w <w. In the notations of Paper A, p. 384, this means

[ esla) =3 i)
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From this, % =0.20 is fourid Thus, for the effective value
of d; we find generally

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

(61).

For a particular meteor d; varies as gR; we have discussed
- the same product in Section 2. b, ¢; along the visible path it

h
reaches a maximum at E q;; ;
0

assumed as equal to its value at R= R, 0=y, as defined by
equation (24); it is even an overestimate when we consider the
breaking of the meteor into drops. With the constants assumed
for iron we get, for the particular model of a non- breaklng
nucleus, with x=0.6 and H,=8,68-10°:

the mean value of Ro may be

dior. = 1,72 10" Rywy—"2cos z» . . . . (62).

If the nucleus breaks into pieces of radius r, d: must be set
smaller in the proportioﬁ %Oi, where o is the densily of the
0¥1 '
atmosphere at the moment of separaticn of the fragments. In
this way, from d..;, the fraction s, for formula (56) could be

estimated. For an integer iron nucleus we find (2, =45°):

wy=16.105 1w, = 40.10°

Se Rycm R,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 integritly
we find the maximum size of an iron drop »=0.059 cm even
without rotation (Section 8. 4), and ¢ (near fusion)=0.6p;.
This makes s,=0 practically in all cases. w,=16.10° presents
an exception, but in this case (cf. 4) .=, 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 By<1 cm, g=§,:
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” (4, pp. 86—38) must be negligible in iron
meteors. |

For stone, non-rotating and of high viscosity, »= 10, the
nucleus actually remains integer and the following values may
be considered as valid:

wy=16.10° 40.10° 100.10°
Se R, cm R, cm R, 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

For fast rotation, the nucleus must actually break into
drops, and s,=0, if the radius is smaller than the limiting

value given below:

: wy=16.10> 40.10° 100.10°
vy=10, BEcm < 0.43 0.28 0.17
v=0.1, Rem < 0.93 0.60 0.37

Having estimated s, according to these principles, the
table of absolute magnitudes given below was calculated, from
formulae (54), (565), (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 L,=18.10° ¢cm
was adopted. If L is the actual effective length of the visible

path, a correction of 2.5 log L£ must 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 m, In the case of an integer nucleus (the
larger stone meteors), {o m, as defined by (54) an additional
correction for temperature radiation, in agreement with Paper A,
has been added as follows:

R,cm 025 030 04 05 0.7 1.0
Am, 00 —0.1 —0.2 —0.3 —0.5 —O0.9.



56 " E. OPIK o T. P.29.3

Table VIIL

Provisional Absolute Magnitudes.
a =iron meteors; b, = stone, » =10, slow rotation;
b, = stone, »=10, fast rotation; b,= stone, »=0.1,
~ fast rotation. :

'100 )
km/sec Ko em .
g;‘ge 1.0 ‘ 0.7 ( 05 | 04 | 03 | 02 | 015 ]0.100.070.05 0.03] 0.01
my
16al|—17|—05| 06| 13| 22| 35| 45|58 70|81]|97/133
, b|—20|—04] 09| 17| 27| 41| 51]|6.6/[78]9.0/10.6]14.2
L by|—2.0|—04| 0.9% 22% 31| 44| 54|67(7.9 ,| ,| »
by | —2.0% 40.4% 15| 22| 31| 44| 5467 , | ,| .| »
25 a | —30|—18]|—07| 00| 09| 22| 32]|45|57|6.7|84|120
, b |—41|—25|—12]—04| 06| 20% 35%51|65]|7.6| 9.3]12.9
S by|—41|—25|—1.2|—0.4% 1.8% 31| 41|54|66| ,| ,| »
. bg|—41|—25%402% 409 | 18| 3.1 , N N A R
40 ¢ | —4.4|—82|—21|—14|—05| 08| 1.8|3.1|43|54]|70/10.6
, b |—63|—4.7|—34|—26|—1.6% 08% 23|38|51|¢63]79[1L5
. bo|—6.3 | —4.7|—3.4 |—26 | —16% L17¥ 274052 ,| ,| .
, by|—6.3 | —4.7% —1.2% —05 | 404 | 17 . A R A A
60 ¢ |—5.6|—44|—33|—26|—1.7|—04| 061.9]|38.1] 42|58 94
, bj1—7.9|—6.3|—50 | —4.2% —-2.0¢ 40.1% - 1.3 | 2.7} 3.9| 5.1! 6.7|10.3
by | —7.9 | —6.3 | —5.0 | —4.2% -—2.0%| +0.5%| 15| 28| 40| , | »| »
by | —7.9 | —6.3 | —5.0%| —1.7#| —0.8 |40.5 , I I A
100 ¢ | —7.0 |—58 | —4.7 | —4.0 | —3.1 | —1.8 | —0.8 | 0.5| 1.7| 2.8| 4.4| 8.0
, b|—9.9 | —83 | —59% —4.4% —3.0% —1.2¥ —0.1 | 1.3| 25| 3.7| 53| 8.9
by | —9.9 | —8.3 | —5.9% —-4.4% —3.0%| —1.2%(4-0.1 | 14| 2.6( , | , | »
byl —9.9 | —8.3 | —5.9%| —4.4% —2.2#¢| —09 | 402l , | , 1 | , 1|,

In the above table, for stone meteors the transition from
Bo to B. causes a more or less sudden increase of the luminosity
with the radius; the figures which correspond to this sudden
change are marked with asterisks. A more or less 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. |

t. 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 effeet can be important only when the vapour
pressure exceeds the normal component of the aerodynamlc
pressure, i. e., when

P>p, . . . . . « . . . (a)
It is easy to show that when P<Cp, the vapour can only
form a layer of a thickness which is small as compared with
the half-energy range, of the order of
)
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, a,, P=p, The vapours have free escape
only for a>>a, and the total amount vaporized per second is
2w (1-4cosa,) R?E. With the aid of formulae (1) (with 7'=8000°),
(8) and (10) we get,independently of the density of the atmosphere
- and of the radius: :

P 2,1.104 w %
P (LFcosag)hcos?a (2—ux) °

(63);

here % is an average value for the whole nucleus, whereas ' is
a constant, independent of the thermal shielding. We assume
2 —x’'=1.4 (Section 1. d). ‘

According to equations (9) and (8), pn=1p, cos?a. This
leads to another form for (63):

P 2110w %
po  (1-+cosag)h (2—x)
When P=yp,, which means also a,=0, the front (maximum)

aérodynamic pressure equals the vapour pressure; this is evi-
dently the limiting case for which a complete vapour shell

(63").

1) This follows when we consider that the free length of path of the
particle, of the order of d =1, is travelled with a speed w -+ u, relative to the
atmosphere, whereas the speed of the particle relative to the nucleus is w;

1
thus, when losing ﬁ (w 4 uy), the particle should reach a distance from the

" _
nucleus of only d < ®— in units of the half-ener y range; actually it has
w 4 Uy . g

to lose much less, namely 4w = u, before it gets stopped relative to the nucleus.
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starts forming around the nucleus. When P>p, a vapour
“microatmosphere” shields the nucleus from the direct impacts
of the air molecules. When P <p,, a “bald” cap extending from
a=0 to a=aq, is formed subject to direct impacts of the air
molecules; a, is evidently defined in this case by the equation

o P '
coS ao—p—o e e e . (64).
Let the “unshielded” value of the accomodation coefficient
be %,. Evidently
#< 7% . . . . . . . . (65);
#,=0.8 may be estimated.
For the critical case —701—Z=1, a, =0, we get from (63), with

h=6.1010:

(66%).

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 ». <0.50 (c{. Table II), whence

w>>160 km/sec.

‘Most meteor velocities fall without doubt below this limit;
thus, already from such general considerations it is obvious
that the only case of practical importance is P<p,.
Nevertheless, to have things clarified as much as possible,
we start by assuming the opposite case of P>>p,, the least
favourable for . In formula (68’) a,= 0 must be set, and we get

6 .
=210 L e
R
An increasing P, according to this formula, requires an increas-
ing z; 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 x. a,ndIT0 must

exist. The maximum shielding effect may be estimated as
follows. If D is the density of vapours at the surface of the

(because

nucleus, the density at a distance x isless than —
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velocity of flow and temperature increase with the distance);
assuming the latter value means committing an overestimate.

PR. On the

front side of the meteor, the expansion of the vapours may be

considered to proceed until equilibrium with the aérodynamic

: 2 PR? .
pressure is reached, or p,=-——, the factor 2 allowing for

Similarly,

partly oblique incidence; hence

ZP

xmam -R
(=) oo

‘The effective shielding vapour mass per cm? of cross
section may be set equal to

1 DR2 Do
R

Here, of the two mutually cancelling factors, 2 and 1 5, the

first allows for oblique incidence, the second for the neglect
of the acceleration of the expanding and steadily heated meteor
vapours.

The “kinetic depth”, d, we obtain from (67) dividing it by
- 2,76.107" w” (cf. preceding subsection). Setting the amount

vaporized equal to hE (cf. form. (10)), and substituting o, for

the point of appearance (form. (24) with R = R,)) as representing
average conditions (cf. preceding subsection), we get (with
D =1,92.10"°§, cf. Table I, and different constants as before):

. D) 1/9 - 27__0—
d.=0.67 R*w "cos zr(l ]/‘ZP) T (68),
referring to iron.
Further, Table II for #<0.5, or d>2, is well repre-
sented by
- 1.28

%27"."""(69)’

which is actually a formula for the conductivity for heat.
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Formulae (66), (68), and (69) lead to the following quadratic
. . | 1 |
equation w1t,h‘respect to », (or to;):

1 e -1/ 4.108
1.28 = 0.67 R2w " cos 2, (1 —]/. )

Ae WHe
. 1 1.92 4.106 '
Setting y=—, n= - , b= , we get:
%e R>w™ cos z, w

2

=(2n—|—b) :L-nlz/b -4 4nbd L. 0) (y>2).
It is obvious that for a larger R the shielding effect must
be greater; thus, to find a minimum value for », we may set
R~ oo, or » small as compared with b; actually, at meteor
conditions, w ~ 4.108, 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>>0.1 cm:

— b — 1 .
Y=.3 %=~ 15 R0

4.108

- (71).

and y, = —2—, Ry =

The first solution has:no physical meanlng, as it may gne for
example, for B ~ 10 cm, % ~ 107", d ~ 10" (equation (69)), or
a ~ 10%°,2,76.10"" " — 500 gr/cm?, which is more than the mass
of the nucleus per cm? '), The second solution is in dimensional
agreement with (662) 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 {o the
velocity and depending upon velocity alone, the limit being practi-
cally reached already for B > 0.1 cm. From the above (form. 662),
(71) must be valid only beginning from about w > 16.10%, when
(71) gives %, < 0.25, and 66* gives #.<0.50; there is a contra-
diction, in a ratio 2:1, for the two formulae which agree only
for w=oco, %,=0. In any case, the order of magnitude of % is
little affected even at unusually high velocities.

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

1) In the present subsection a is the mass per cm? 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<Za, with a
high value of » =1#, and with a relative cross section of sin? a,;
and the shielded area, with a low value of x=u%;, with the
relative cross-section equal to cos®a,. The shielded area starts

with ——1 and hence Tmaz = R )/ 2 (cf. above) may be a fair

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

2 10.87 : 1
1,28 067  po ) gos Zr (1 — l/l) .. (72),
% COS O, 2
valid for », << 0.5. Further, obviously | |
#=u, sin? ag =%, cos>a, . . . . . (73).

Substituting in this %z from (63"), and applying (64), we get with
‘the proper constants
4,0.10°% (1 4 cos a,)

" = T —wtglay . .,_(74)’.

On the other hand (71) gives:

6 cos : ,
g = 200080 (12,
R2w"cosz,

These two equations determine x, and a,. The solution may
be simplified. From (72’) it appears that x, approaches zero
for large R, andis negligible even at as small values as E=0.2 cm.
Thus, for large radii we set », = 0. We then get from (74):

sin? 5 5 D) (75), or
COS ay= %0%_0’_ Foe e (75'), and
_ b (2x+40D) _

H = (—%o-——‘—o_b—)Q— %o . . . . . . (76),

6
where b = 4.10

as before. -

On the other hand, for very small radii the shielding effect
is nil and we must have x = % =ux,.
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We notice that (75) and (76) are valid for all velocities,
and that a,520 except for w = co, in which case (76) becomes
identical with (66%) but for the factor x,. It appears that the
case P < p, is the only possible real case, whatever the velocity,
and that a complete vapour shell can never be formed.

Assuming %, = 0.80, from (72’) and (74) the following values
of # and a, are found for different values of the radius and
velocity.

Table IX.

Values of . the Effective Fraction of Heat Absorbed by
the Nucleus During Vaporization.
Iron sphere; z,=0"; H,=8,68.105 cm.

w = 16.10° w = 25.10% w = 50.10%

.R i_é 24} R % 2% R % 241

cm cm cm

(0) 0.75 760 (o)  0.71 700 (c0) 0.60 600

0.095 0.76 . 0.10 0.72 » 0.11 0.63 »

0.048 0.78 ... . 0052 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 w = 160.105 w = 250.102

R x 24} R P %y R x %o

cm cm : cm

(c0) 044 480 (o) 038 400 (0) 024 340

0.10 0.49 » 0.092 045 ” 0.083 0.32 ”

0.063 0.58 ... 0.057 055 ... 0.051 0.46 .

0052 066 ... 0.046 -0.63 0.041 0.58

0.045 0.73 ... 0.040 0.72 0.036 0.69
<0.040 080 ... <0.036 0.80 <0.032 0.80

The same table applies to other values of 2z, and H, after

multiplying R in the table by the factor Vﬁ_. The upper
,68.105 cos z,,

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 %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, ¢+h=17,7.101°, for stone must be taken, instead
of A alone; for a given velocity and radius the vapour pressure
is smaller, and % larger; Table IX may be adapted to this case
by increasing the tabular w by 80 per cent, which, however,
does not introduce essential changes in #. 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 ¢ and D, and with a greater
resulting #; to account for this, R in Table 1X must be 1ncreased
by 50 per cent

Table IX refers to the average condltlons 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 %= %,= 0.80 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 influence to some
extent the value of #. 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

3
VS 3v; here v denotes volume, S — surface.
vV 4n

For a very flat prism with dimensions 1:4:4, the factor
is still 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 % in
most imaginable cases well, with an uncertainty that perhaps
is less than 10 per cent. The value of %= 0.6 chosen above for
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the first approximation seems well to 'repr‘esent average conditions
during vaporization. For a constant absolute magnitude (iron,
Table VIII) Table IX yields:

w= 16.10°  25.10°  50.10°  100.10°

my=38x=" 0.75 0.71  0.66 0.70
my==0,%= 0.75 071 ~ 0.60 0.47.

| Thus; for an éverage naked-eye meteor (my=28),the constancy
of » 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.

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

1) As noticed before, the marginal cases being actually defined by
two variable parameters, R, and w,, are characterized by little variation in
m=f (R..w,); 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.
Slowly rotating small iron meteors, of my >0, B,<0.2 cm, belong
to this class; those of B,>>0.06 cm will burst after liquefaction
into smaller more or less equal drops which at By~ 0.2 cm
already are small enough to be vaporized 10—2C times faster
than the integer nucleus 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, B,=0.2 cm represents
a transition toward case b). Further, slowly rotating stones
(v=10), m,>6 (fainter than m,=26) belong to case a), fissure
never occurring for them.

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

a’) Case of a non-isothermal sphere with complete fusion
preceding vaporization. Only iron meteors of slow rotation
m, <0, By < 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, m,> 0, B,> 0.2 cm; iron meteors of fast rotation,
m, >0, all radii; stone meteors (v=10) rotating fast, m,>6.

The supply of heat per gram of the nucleus is: ¢, — f pre-
ceding spraying, f during spraying. The formulae of the first
approximation apply also to this case, with fand ¢, — fsubstituted

for A 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 complex characteristic (R, w,); the values of m, need not be, and may
not be accurate, because of the lack of knowledge with respect to g; at the
same time, these conventional values of m, define in a unique manner (R,, w,),
according to Table VIII. Cf. Section 3. e, f, h.

5
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rotation, m,< 0, By>>0.2 cm; iron meteors of fast rotation,
m, <0, all radii; stone meteors (v=10) rotating fast, — 1 <m, < 6.

Fusion 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: less than ¢; —f pre-
ceding spraying; more than f during spraying (¢, in the limiting
case). The formulae of the first approximation cannot be well
applied to this case.

d) Case of a non-isothermal sphere with the liquid vapo-
rized “on the spot”. Stone meteors (v =10) belong to this case,
brighter than m,=#6 for slow rotation, and brighter than
m,=—1 for fast rotation. Also, slowly rotating iron fireballs
of my<—12, and still 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 &,
attaining ¢ -+4 in the limiting case, thus larger than in all the
preceding cases. This case permits of simple mathematical
treatment (cf.?), very different from the {irst approximation.

e) Same as case d), but with an air cap. Very bright
fireballs, and meteorites belong {o 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
¢) may follow a').

Bursts may be explained partly by the sudden spraying of
- the liquid, apt to happen in transition cases d) — ¢), 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. |

Our 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 oi describing qualitatively and quantit-
atively the different physical conditions of meteor phenomena;
the knowledge of these conditions is required {o 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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