
tion of the number of planes in the 
SST fleet or the effect of reducing the 
mole fraction of NOQ from the ex- 
haust, it should be recognized that the 
steady-state concentration of 03 de- 
pends on the square root of the cata- 
lytic ratio p. Thus a given situation is 
relatively slowly changed by further 
addition or reduction of NO. How- 
ever, for small amounts of NO., there 
is a threshold effect, as seen from in- 
spection of Eq. 6. 

At least as late as April 1971, U.S. 
governmental agencies concerned with 
this problem (30) accepted two con- 
clusions of the SCEP report: (i) NO, 
from the SST would build up to mole 
fraction values between 6.8 X 10-9 and 
6.8 X 10-8 in the stratosphere, and (ii) 
these amounts of NOQ "may be 
neglected." The purpose of this report 
is to point out that if concentrations of 
NO and NO2 are increased in the strat- 
osphere by the amounts accepted by 
the SCEP report and by governmental 
agencies, then there would be a major 
reduction in the 03 shield (by about a 
factor of 2 even when allowance is 
made for less NOQ emission than SCEP 
used). However, the purpose of this re- 
port is not to say precisely by what 
factor the 03 shield will be reduced by 
SST operation, but rather to point out 
that the variable (NOx) that has been 
discounted is much more important 
than the variable (H20) that has 'been 
given so much attention. Just as the 
SCEP report incorrectly discounted 
NOa, and the SST planners for several 
years overlooked the catalytic potential 
of NO, it is quite possible (and, in 
fact, highly probable) that I have over- 
looked some factors, and the effect of 
NO on the O3 shield may turn out to 
be less, or greater, than that indicated 
here. 

HAROLD JOHNSTON 
Department of Chemistry, 
University of California, 
Berkeley 94720 
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(20); l, > 10-2 sec-1, estimated from (21). 
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centimeters raised to the sixth power per num- 
ber of molecules squared per second. 

Stratosphere, Mesosphere, and Ionosphere 
(North-Holland, Amsterdam, 1968). 

7. Quoting General Electric engineers with respect 
to the G.E.-4 engines, the SCEP report gives 
three values of NO. emission: 1000 ppm, 
calculated on the basis of chemical equiLib- 
rium; 333 to 500 ppm, an estimated correction 
to the equilibrium calculation; and 100 to 150 
ppm, a few past comparisons of measured and 
calculated emissions. I am not an expert on 
turbine engines, and so I consulted Prof. R. E. 
Sawyer, who advises me: (i) published data on 
existing jet engines of various sorts cover a 
wide range: about 80 ppm (Pratt and Whit- 
ney JT3C-6 and JT8D engines) [D. S. Smith, 
R. E. Sawyer, E. S. Starkman, J. Air Pollut. 
Control Assoc. 18, 30 (1968)]; about 1600 ppm 
(Rolls-Royce Spey engine) [T. Durrant, "The 
Control of Atmospkeric Pollution from Gas 
Turbine Engines," Soc. Automat. Eng. Pap. 
No. 680347 (1968); (ii) to his knowledge there 
are no published data on NO emissions under 
cruise-mode conditions for engines such as those 
designed for the SST; and (iii) he estimates 
that under stratospheric, cruise-mode opera- 
tion the emission would be about 240 ppm. 
Meanwhile I had completed calculations that 
cover a wide, continuous range of NOx but 
at certain points I emphasize the situation 
based on 350 ppm of NOx. When we get 
definite results for NOx emission from the 
SST, the expected concentration in the strato- 
sphere can be scaled up or down from the 
reference points I used. 

8. T. F. Malone, chairman, "Final report of the 
panel on weather ansd climate modification," 
NAS-NRC Publ. 1350 (1966). 

9. M. Nicolet, Ann. Geophys. 26, 531 (1970). 
10. J. B. Pearce, J. Geophys. Res. 74, 853 (1969). 
11. L. G. Meira, Jr., ibid. 76, 202 (1971). 
12. D. G. Murcray, T. G. Kyle, F. H. Murcray, 

W. J. Williams, Nature 218, 78 (1968). 
13. M. Nicolet, J. Geophys. Res. 70, 679 (1965); 

J. Atmos. Terr. Plys. 7, 297 (1955); Inst. 
Roy. Meteorol. Belg. Mem. 19, 162 (1945). 

14. P. J. Crutzen, Quart. J. Roy. Meteorol. Soc. 
96, 320 (1970). 

15. F. Kaufman, Ann. Geophys. 20, 106 (1964). 
16. Detailed data supplementary to this report 

are available as Univ. Calif. Radiat. Lab. 
Rep. 20568, in press. 

17. H. U. DUitsch, Stanford Res. Inst. Int. Symp. 
(1961), p. 85. 

18. P. A. Leighton, Photochemistry of Air Pollu- 
tion (Academic Press, New York, 1961). 

19. The temperature (T) dependence of the rate 
constants used Eqs. 8 through 10 are as fol- 
lows (R is the gas constant): kb = 2.04 X 10-a5 
exp (2100/RT) (31); kd = 3.8 X 10-30 T-1 exp 
(-340/RT) (31); ke = 1.33 X 10-11 exp 
(-4200/RT) (31, 32); kf = 1.33 X 10-12 exp 
(-2500/RT) (33); kg = 1.67 X 10-11 exp 
-600/RT) (34); kI = 3.33 X t0-39 exp (1046/ 
T) (34); kk 9.8 X 10-12 exp (-7000/RT) 

(20); l, > 10-2 sec-1, estimated from (21). 
Dimensions of the second-order reactions are 
cubic centimeters per molecule per second; 
dimensions of the third-order reactions are 
centimeters raised to the sixth power per num- 
ber of molecules squared per second. 

20. H. Johnston and D. Yost, J. Chem. Phys. 17, 
386 (1949). 

21. G. Schott and N. Davidson, J. Am. Chem. 
Soc. 80, 1841 (1958). 

22. R. T. Brinkman, A. E. S. Green, C. A. 
Barth, NASA Tech. Rep. No. 32-951 (1966). 

23. R. W. Ditchburn and P. A. Young, J. Atmos. 
Terr. Phys. 24, 127 (1962); K. Watanabe, E. 
C. Y. Inn, M. Zelikoff, J. Chem. Phys. 21, 
1026 (1953); B. A. Thompson, P. Harteck, R. 
R. Reeves, Jr., J. Geophys. Res. 68, 6431 
(1963); M. Ogawa, J. Chem. Phys. 54, 2550 
(1971). 

24. E. C. Y. Inn and Y. Tanaka, Ozone, Chem- 
istry and Technology (Adv. Chenm. No. 21) 
(American Chemistry Society, Washington, 
D.C., 1959), p. 263. 

25. T. C. Hall, Jr., and F. E. Blacet, J. Chem. 
Phys. 20, 1745 (1952). 

26. L. Zafonte, "Rate Constants for Atmospheric 
Reactions," Task Force 7 Assessment, Project 
Clean Air, University of California, 1 Sept. 
1970. 

27. E. J. Jones and 0. R. Wulf, J. Chem. Phys. 
5, 873 (1937). 

28. T. Berces and S. Forgeteg, Trans. Faraday, 
Soc. 66, 633 (1970); ibid., p. 640. 

29. F. S. Johnson, J. D. Purcell, R. Tousey, K. 
Watanabe, J. Geophys. Res. 57, 157 (1952); 
Ozone Data for the World, Meteorological 
Branch, Department of Transport, in co- 
operation with World Meteorological Organi- 
zation, Toronto, Canada (1968), vol. 9; H. K. 
Paetzold, Stanford Res. Inst. Int. Symrp. 
(1961), p. 99. 

30. This report is an outgrowth of a presentation 
by the Department of Commerce Advisory 
Board for SST Environmental Effects, Boul- 
der, Colorado, 18-19 March 1971. I express 
appreciation to other attendees at this meet- 
ing for advice and for constructive opposi- 
tion. In particular, Dr. A. A. Westenberg also 
presented calculations that demonstrated a 
large effect of NOx on the steady-state Os 
concentration. Professor F. Kaufman made 
suggestions that contributed to the revision 
of this report. 

31. H. Johnston, Nat. Stand. Ref. Data Ser.-Nat. 
Bur. Stand. No. 20 (1968). 

32. F. Kaufman, Annu. Rev. Phys. Chem. 20, 
45 (1969). 

33. H. Johnston and H. Crosby, J. Chem. Phys. 
22, 689 (1954); ibid. 19, 799 (1951); these runs 
were made at stratospheric temperatures, and 
the rate constants found here are preferred to 
more recent studies at higher temperature. 

34. D. L. Baulch, D. D. Drysdale, D. G. Horne, 
Critical Evaluation of Rate Data for Homo- 
geneous Gas Phase Reactions of Interest in 
High Temperature Systems (School of Chemis- 
try, The University, Leeds, England, 1970), 
vol. 5. 

35. I am very grateful to R. Healey for computer 
programming. Work supported by the U.S. 
Atomic Energy Commission through the In- 
organic Materials Research Division, Law- 
rence Radiation Laboratory, University of 
California, Berkeley. 

20. H. Johnston and D. Yost, J. Chem. Phys. 17, 
386 (1949). 

21. G. Schott and N. Davidson, J. Am. Chem. 
Soc. 80, 1841 (1958). 

22. R. T. Brinkman, A. E. S. Green, C. A. 
Barth, NASA Tech. Rep. No. 32-951 (1966). 

23. R. W. Ditchburn and P. A. Young, J. Atmos. 
Terr. Phys. 24, 127 (1962); K. Watanabe, E. 
C. Y. Inn, M. Zelikoff, J. Chem. Phys. 21, 
1026 (1953); B. A. Thompson, P. Harteck, R. 
R. Reeves, Jr., J. Geophys. Res. 68, 6431 
(1963); M. Ogawa, J. Chem. Phys. 54, 2550 
(1971). 

24. E. C. Y. Inn and Y. Tanaka, Ozone, Chem- 
istry and Technology (Adv. Chenm. No. 21) 
(American Chemistry Society, Washington, 
D.C., 1959), p. 263. 

25. T. C. Hall, Jr., and F. E. Blacet, J. Chem. 
Phys. 20, 1745 (1952). 

26. L. Zafonte, "Rate Constants for Atmospheric 
Reactions," Task Force 7 Assessment, Project 
Clean Air, University of California, 1 Sept. 
1970. 

27. E. J. Jones and 0. R. Wulf, J. Chem. Phys. 
5, 873 (1937). 

28. T. Berces and S. Forgeteg, Trans. Faraday, 
Soc. 66, 633 (1970); ibid., p. 640. 

29. F. S. Johnson, J. D. Purcell, R. Tousey, K. 
Watanabe, J. Geophys. Res. 57, 157 (1952); 
Ozone Data for the World, Meteorological 
Branch, Department of Transport, in co- 
operation with World Meteorological Organi- 
zation, Toronto, Canada (1968), vol. 9; H. K. 
Paetzold, Stanford Res. Inst. Int. Symrp. 
(1961), p. 99. 

30. This report is an outgrowth of a presentation 
by the Department of Commerce Advisory 
Board for SST Environmental Effects, Boul- 
der, Colorado, 18-19 March 1971. I express 
appreciation to other attendees at this meet- 
ing for advice and for constructive opposi- 
tion. In particular, Dr. A. A. Westenberg also 
presented calculations that demonstrated a 
large effect of NOx on the steady-state Os 
concentration. Professor F. Kaufman made 
suggestions that contributed to the revision 
of this report. 

31. H. Johnston, Nat. Stand. Ref. Data Ser.-Nat. 
Bur. Stand. No. 20 (1968). 

32. F. Kaufman, Annu. Rev. Phys. Chem. 20, 
45 (1969). 

33. H. Johnston and H. Crosby, J. Chem. Phys. 
22, 689 (1954); ibid. 19, 799 (1951); these runs 
were made at stratospheric temperatures, and 
the rate constants found here are preferred to 
more recent studies at higher temperature. 

34. D. L. Baulch, D. D. Drysdale, D. G. Horne, 
Critical Evaluation of Rate Data for Homo- 
geneous Gas Phase Reactions of Interest in 
High Temperature Systems (School of Chemis- 
try, The University, Leeds, England, 1970), 
vol. 5. 

35. I am very grateful to R. Healey for computer 
programming. Work supported by the U.S. 
Atomic Energy Commission through the In- 
organic Materials Research Division, Law- 
rence Radiation Laboratory, University of 
California, Berkeley. 

14 April 1971; revised 14 June 1971 14 April 1971; revised 14 June 1971 n n 

Apples in a Spacecraft 
Abstract. Some consequences of Newtonian mechanics, previously overlooked, 

result in a new understanding of the behavior of small bodies in the solar system. 
Collisions between such bodies lead not to a scattering of these bodies over an 
increasing volume but instead to a contraction resulting in a "jet stream," with 
application to meteor streams and streams of asteroids. It is possible that comets 
are formed by bunching in such streams. 
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1 ) Unperturbed motion. Suppose 
that a number of particles ("apples") 
are enclosed in a spacecraft that is 
orbiting in a circle with radius r0 
around a central mass point M,. Let us 
assume that the masses of the space- 
craft and of the particles are so small 
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are enclosed in a spacecraft that is 
orbiting in a circle with radius r0 
around a central mass point M,. Let us 
assume that the masses of the space- 
craft and of the particles are so small 

that gravitational attraction between 
them is negligible. 

I shall consider here the orbits of 
each particle around the central body 
(assuming that they 'will not be in per- 
manent contact with the walls). Be- 
cause the particles are confined in the 
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cabin, they will collide (inelastically) 
with the walls until their orbital periods 
are all equal to the orbital period of 
the spacecraft: 

27r 
To - = 27r . ..-l2,-l?'/2 (1) 

wo 

where wo is the orbital angular velocity 
and /, = KMe (K is the gravitational 
constant). This means that the orbits of 
all of the particles must have semi- 
major axes equal to ro. The axes and 
the nodes may be differently oriented. 
Hence, when viewed from the space- 
craft, the particles perform oscillations 
both in the axial and in the radial di- 
rections. 

If we place an orthogonal coordinate 
system with the origin in the center of 
gravity of the spacecraft, the x-axis 
pointing away from the central mass, 
and the y-axis in the direction of mo- 
tion, we can calculate the motion of a 
particle in the following way (1). If 
a particle is situated at !a distance z 
from the x-y plane, it is acted upon by 
the z-component 

Y f, = --Acez ro-' (2) 

of the gravitational attractionl er0-2 of 
the central body. Further, if it is lo- 
cated at a distance x from the y-z plane, 
its absolute angular velocity o is in- 

versely proportional to (ro + x)2, which 
for the (relative) y-velocity in the ro- 

tating coordinate system gives approxi- 
mately 

V,= ( o - w) ro = - 2 w0x (3) 

The force f/ in the x-direction is com- 
posed of the gravitational force and 
the centrifugal force: 

.- = ~rc-2 + rw (4) 

where r is the disturbed distance to the 
central mass. Since the angular mo- 
mentum 

which equals the orbital period (Eq. 1). 
When oscillating, the particles may 

collide with each other and possibly 
also with the walls. We may assume 
that these collisions are at least par- 
tially inelastic, which means that the 
oscillations are damped. We may also 
assume that the cabin contains some 
gas to ensure that finally all oscilla- 
tions are damped. (To simplify the dis- 
cussion we may assume that the space- 
craft has a synchronous axial rotation 
so that it always turns the same side 
toward the central body.) 

When all oscillations are damped, 
all of the particles are situated on a 
straight line (the y-axis) through the 

1 

mp 

b--- 

2 

center of gravity of the cabin, which 
points in the direction of motion. (To 
be exact, they are situated on a small 
arc of the circle ro along which the 
center of gravity moves.) Only by hav- 
ing this location can they orbit around 
the central body with the same period 
as the spacecraft and at the same 
time have no radial or axial oscil- 
lations. 

In the Saturnian rings all particles 
are confined to the plane of motion, 
but there is a spread in the radial di- 
rection. This implies that particles at 
different distances from Saturn orbit 
with different periods. The space cabin, 
however, compels all particles to have 

2 

X, 

a 

3 

C =r (tcr)2)/ 

is constant, we have 

rwo = Cr-8 = Cr3 ( 1 -3 

and 

t =cr-b = Cro- '( 2 - ) 
ro 

hence 

fn- t ct t.eXro-o 

Under the action of the forces 
scribed in Eqs. 2 and 5, the partic 
perform harmonic oscillations arou 
the y-axis with the period 

T = 27r(--fx-1)-/2 = 2wr cI-2/ ro3/2 
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Fig. 1 (top). A particle initially moving along the circular arc ab with radius ro is 
suddenly perturbed by a force f in the tangential direction. The new motion consists 

(5) of an epicyclic motion in an ellipse, the center of which ("guiding center") moves in a 
de- circle with radius ro + Xo. Fig. 2 (middle). Consecutive positions of three particles 
les originally situated at a, b, and c. The numbers 1 to 9 indicate the positions of the 

particles at intervals of (T/4). The quantity n in Eq. 20 is equal to 2. All particles 
nd simultaneously reach the point x = 0, y 0 at the same time, t 2T. Fig. 3 

(bottom). The unperturbed particles form the line AB. The perturbation makes this 
line turn and first lengthen and then shorten. The figure refers to n 2, in which 
case all the particles collide after two periods. 
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the same period, and hence the same 
orbital radius. 

2) Transverse apparent attraction. As 
seen from the spacecraft, the behavior 
of the particles is the same as if they 
were subject to an apparent attraction 
fa toward the y-axis: 

f - -Cf p (6) 

where 

p (x +z2)'/ (7) 

The z-component of fa is identical 
with the z-component of the gravita- 
tion of the central body. In contrast 
to this, the radial component of fa is 

necessarily connected with a difference 
in the state of motion of the bodies. 
A displacement in the x-direction gives 
a iharmonic oscillation in the x-direction 
and at the same time an oscillation in 
the y-direction. Equation 3 shows that 
the amplitude of the y-velocity is twice 
as large as that of the x-velocity. It is 

easily seen that there is a phase differ- 
ence of 7r/2 between oscillations in the 
x-direction and those in the y-direction. 
Hence the particle moves in an "epi- 
cycle," that is, an ellipse with the 
length of the y-axis equal to twice the 
length of the x-axis. 

3) Perturbed motion. Suppose that a 
particle with unit mass, which orbits 
in a circle with radius ro around a cen- 
tral mass point, is subject to the gravi- 
tational force 

fp- - r, (8) 
rP, 

of a small body mp < M. situated in 
the x-y plane at a distance rp from the 
origin of the moving coordinate system 
(xyz). We have put up = Kmp. It is 
assumed that this force is applied dur- 

ing a short interval At (At < T). It 
causes an increase in the specific 
angular momentum C of a particle by 
r0 (fp), At. The difference AC in the 
specific angular momentum of a parti- 
cle at (0, yl) and a particle at the cen- 
ter of gravity of the spacecraft is 
given by 

AC = yi [tr (fp)yJ At = 

a y 
-/Kpoyi a-y (x2 + y2)- : roAF (9) 

where 

F 3 sins a - 1 AF = ,/xpy - -- h3At rp (10) 

and a is the angle between the x-axis 
and rp. 

The new motion of the particle can 
be described as a circular motion of 

524 

the guiding center superimposed on a 
motion in an epicycle (Fig. 1). The 
orbital radius of the guiding center is 

r - o + Ar 

Putting 

AC r. T - 2r - -2 AF-TAF (11) 
C 

2 
C 7r 

we have 

Ar-=xo (12) 

Since the position of the particle is not 
changed during the short interval At, 
the x-axis of the epicycle must be equal 
to xo, and consequently the y-axis is 
equal to 2xo. The particle moves in the 
retrograde direction in the epicycle, 
and the center of the epicycle moves in 
a circle with the angular velocity X + 
Ax, where, because 

w = C r-2 -= tC2 C-3 

to 3 AF 
at- --3 aC- (13) 

0 Fro 

Hence after a time r the guiding center 
will be displaced in the y-direction a 
distance 

7' 
yr =fo A t - A 3 AF r - 3 7rxo 

(14) 
in relation to an unperturbed particle. 

To return to the problem discussed 
in sections 1 and 2, we want to calcu- 
late how the lined-up particles move 
in relation to the center of gravity of 
the spacecraft. Consider a particle situ- 
ated at a distance Yi from the center 
of gravity in the forward tangential di- 
rection. The velocity of its guiding 
center in relation to the center of grav- 
ity of the spacecraft is 

Vy = ro Aw 

and, because of Eqs. 10 and 13, its 
displacement after a time r is given by 

yr, - nr At (3 sin' a 1) y 
rp 

(15) 

Since 

Kt =tcmp 

and 

K = 4 r2T-' r0o Me,1 

we can write 

Y, = - Ayl 

where 

A - 12r .M (3 siln'a--) -) 

=3 7r/3 (1 

16) 

IV v1 
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and 

83=4 = 4 r (- ) mT( (3 sin2a 
- 

1) (18) 

Further, we find 

Xo 0= 3y (19) 

Hence we see that the state of motion 
produced by the perturbation AF is 
such that the y-values of all the guiding 
centers change in proportion to the 
original y-value of the particle (Fig. 2). 
We obtain A = 1 after a time r = r 
which can be calculated from Eq. 17. 
At this moment all the guiding centers 
are on the same vector radius as the 
center of gravity of the spacecraft. The 
actual positions of the particles are 
scattered, however; all remain inside 
a square with its side equal to 4xo and 
its center at the center of gravity of 
the spacecraft (Fig. 3). 

A case of special interest occurs 
when 

TAr = nzT (20) 

where n is an integer. If this relation 
is satisfied, all the particles are back 
on their initial position of the epicycle. 
Hence, all particles are situated at the 
center of gravity of the spacecraft. The 
condition for this result is obtained 
from Eqs. 17 and 19: 

1 
= 
3- * 3wn (21) 

or 

l nir, P o V (ro( 2 At 1 
12r -( -' (3 sin'c- 1) 

T 

= 

(22) 

If the perturbing body is situated in 
such a way that 3 sin2 a > 1 (which 
means that a > 35? or a < - 35?), 
we obtain a focusing of all particles to 
the origin. 

From this treatment of this idealized 
case we may conclude that, if the 
motion of the spacecraft is subject to 
perturbing gravitational fields satisfy- 
ing certain conditions, the row of par- 
ticles has a tendency to contract to- 
ward the center of gravity of the space- 
craft. Hence, in addition to the trans- 
verse focusing discussed in sections 1 
and 2, there is also a longitudinal 
focusing. Under certain conditions, 
which need to be investigated in detail, 
all the particles in the cabin are col- 
lected at one point (the center of grav- 
ity of the spacecraft). The special case 
of Eq. 22 expresses this condition. 

4) Longitudinal apparent attraction. 
In analogy with the transverse appar- 
ent attraction, the longitudinal focusing 
may be considered to be the result of 
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a longitudinal apparent attraction, al- 
though the type of motion produced 
by this attraction is rather different. 
Hence we find that under certain con- 
ditions the center of gravity of the 
spacecraft "attracts" all the particles in 
the cabin, in the sense that the parti- 
cles have a tendency to be brought to- 
gether here. (In the case of - 35? < 
a < + 35?, there is instead an appar- 
ent repulsion by the center of gravity 
of the cabin.) 

Because the spacecraft is assumed to 
(have a negligible mass, one may ask 
why its center of gravity has such a re- 
markable property. The answer is that 
this point merely defines the state of 
motion of the whole assembly. Suppose 
that the mass of the spacecraft is much 
smaller than the mass of the particles 
and that their original common center 
of gravity were situated at an r larger 
than the center of gravity of the space- 
craft. Then the particles would move 
more slowly than the spacecraft and 
would hit its backside wall, with the 
result that the spacecraft would be dis- 
placed outward so that its center of 
gravity would (almost) coincide with 
the center of gravity of the particles. 
(An exact statement is possible only if 
the original state of motion of the par- 
ticles is known.) 

The apparent ,attraction is more im- 
portant than the Newtonian attraction 
between the bodies of mass ml under 
the condition 
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which means that 

ro (Me)2 (24) 

For a spacecraft in orbit (ro = 109 cm) 
around the earth (Mc = 6 X 1027 g), 
particles with a mass of 6 g should be 
much more than 1 cm apart. 

5) Application to astrophysical prob- 
lems. I have treated a very simple 
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model in order to clarify some aspects 
of celestial mechanics that have not 
-attracted much attention so far. It is 
important to consider the extent to 
which similar phenomena may occur 
in astrophysics. The role of the space- 
craft walls in our model is to compel 
all particles to orbit with the same 
period. However, this effect could also 
be achieved by other means, for ex- 
ample, by viscous effects, mutual colli- 
sions, and electromagnetic effects. There 
is a certain analogy between the lining 
up in the cabin of ,the particles, which 
originally are in random positions and 
have random velocities and the forma- 
tion of jet streams of meteoroids or 
asteroids (2). The perturbation-produced 
focusing of these particles may be re- 
lated to the formation of comets [see 
(3)]. 

It is also possible that my model 
may be applicable to some galactic 
phenomena. The general concentration 
of matter in the galactic plane is, of 
course, somewhat related to the phe- 
nomena I have studied, but it is possi- 
ble that my model is also applicable to 
phenomena on a smaller scale. For ex- 
ample, the apparent attraction may 
keep a nebula together or make it con- 
tract even if the self-gravitation is in- 
sufficient for this contraction. 
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these sources are known to vary ap- 
preciably in microwave output over 
times of the order of 1 year, interpre- 
tation of the source structure will re- 
quire full attention to retardation ef- 
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quire full attention to retardation ef- 

fects. It was pointed out a long time 
ago (1, 2) how these effects can give 
rise to kinematic illusions, that is, 
images (at arbitrary distance) whose ap- 
parent rate of change can far exceed 
c, the speed of light, even though no 
actual particle or signal velocity does 
so. 

Recent measurements (3) suggest 
that such effects might be occurring in 
the quasar 3C 279; at a radio wave- 
length of 3.8 cm a fine structure is de- 
tected below 1 X 10-3 arc sec which 
shows definite changes over a 4-month 
interval. Because of the incomplete 
sampling, the interferometric pattern 
cannot yet be uniquely transformed 
into a spatial picture, but the simplest 
picture in accord with the measure- 
ments consists of two well-separated 
moving spots. The fluxes of the two 
spots are equal to better than 5 per- 
cent, and the spots move apart at a rate 
which-if the source is at the cosmo- 
logical red-shift distance-is several 
times the speed of light. 

The equal flux of the two moving 
spots in 3C 279 suggests that they are 
associated with a single physical source. 
Motivated by these findings, we pre- 
sent two versions of a kinematic model 
for rapidly moving double images asso- 
ciated with a single source (4). Obser- 
vations of such patterns would not be 
surprising in any object that is variable 
over the time required for light to 
traverse the diameter, regardless of 
whether or not 3C 279 turns out to be 
a clear-cut example. 

Model 1. Suppose an explosive event 
within the quasar sends out a sudden 
burst of energy in all directions, in the 
form of relativisti'c particles or of elec- 
tromagnetic or other waves. Suppose 
further that a sharp increase in the 
radiation emitted at the observation fre- 
quency takes place when the primary 
pulse reaches a sphere of radius R, and 
that the increased emission is confined 
to a narrow shell (Fig. 1). 

Under these conditions all parts of 
the shell brighten simultaneously; how- 
ever, a distant observer receives the 
signal from each part at a different 
time, depending on its distance. Let t 
= 0 denote the instant when the bright- 
ening of the forward point A is first 
detected; then point B is seen to flare 
up at time 

t = R(l -cos o)/c (1) 
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Rapidly Changing Radio Images 

Abstract. Differences in total transit time can give rise to images that expand 
at arbitrarily high speed. Two versions of a model based on this idea can account 
for the varying microwave structure reported for the quasar 3C 279. Other pos- 
sible examples are suggested. 
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