THE POYNTING-ROBERTSON EFFECT ON METEOR ORBITS
STANLEY P. WYATT, J®., AND Frep L. WarrpLe

e Tl =T, ATl ool < e
Harvard College Obzervatory
Received Tune 30, 19044
ABSTRACT

The Poynting-Robertson effect will operate to sweep small purticles of the selar gystem into the sun
at a cosmically rapid raze. Robertson derived an expression for the times of fall from initially circular or-
bits. Since, if other parameters are equal, the times are much less for orbits of high eccentricity, tables are
given here to enable smﬂe caleulation of the times of fall in terms of the initial orbital elements, g and e,
and particle radivs and density. Total times of collapse are computed for several meteor showers.
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This leads to the possibility of o

ndence of the time on particle radiug, the material in showers should uiti-
er particles move with greater orbital @ and ¢ than do the smaller ones.
rving the Poynting-Robertson effect in & given swarm by a correlation

- of the oheerved mean magnitude of meteors with the time while the earth transits the shower. Such a cor-

relation is not detected for any shower definitively; an upper limit, therefore, is set |
ranging from five million years for some to less ome hundred thousand ,}rea.rs Iﬁm ammdsEd Mrﬁ,
If some sporadic meteors had & common origin with the meteorites and agteroids, the operation of the
Poymting-Robertson force requires that, for times of origin longer ago than the sixt mﬂfm FEArS 81
gested by Bauver, alf material of radius less than 0.08 m been swept into the sup. efore, virt
nn sporadic meteors fainter than the fifth itede can be arriving now on the earth unjess they are
cometary or interstellar in origin, For a time of three billion years the minimum radius is about 4 cm,
The tables given for computation of the times of orbital contraction are valid for any radiating body of
known mass and radiation by means of & simple correction. The process of contraction is faster by a factor
of abeut 100,000 for B stars than for the sun. But, conversely, the Poynting-Robertson effect due to the
general radiation of 8 galaxy is entirely too small to affect appreciably the dynamics of interstellar dust,
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In the early part of this century, J. H. Poynting’ considered the effects of the ab-
sorption and subsequent re-emission of sunlight by small isolated particles in the solar
system. His work was later modified by H. P. Robertson,* who used a precise relativistic
treatment to establish, once and for all, the equations of motion for such particles to
terms of the first order in the ratio of the velocity of the particle to that of light. While

the process of ahsorption and re-emission uces no net force on a particle when one
chooses to work with a statig; frame referred to the particle, it is found when the so-
lar reference frame is used that there is introduced a resisting force on the particle which

is proportional to its velocity. The retarding force exhibited in the equations of motion

results in a slow secular
small body. Ultimately the body will fall into the sun.
P i

in semi-major axis and eccentricity of the orbit of any
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Inasmuch as small meteoric material must be strongly affected by the Poynting-

Robertson effect, it is of interest to find a method of calculating the time necessary, under
given initial conditions, for such matter to be drawn into the sun. Robertson solved the
problem for initially circular orbits. Since, however, for a given semi-major azis the time
of fall is substantially less for highly eccentric arbits than for circular ones, we propose to
develop here a method of computing the time numerically for the general case

The assumptions in the development are as follows: (1) that the particles are .sphetica],

with radius 5, and of uniform density, p; (2) that they are somewhat larger than the criti-
cal limit where radiation pressure balances gravitational attraction (sp > 5.72 X 107#

gm/cm?) and large enough compared with the wave length of light so that diffraction ef-
fects are not appreciable; and (3) that the particles absorb all incident radiation from

the sun over a cross-section »s? and re-emit this radiation isotropically at the same
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rate.
1 Piil. Trans, B. Soc. Londonm, A, 202, 525, 1903,
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The radial and ndicular com; tz of the equations of motion as found
i g perpe ponen eq & as found by
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where y = GM — ac, the usual solar gravitational constant decreased by the outward-
directed radiation pressure, and where
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We here denote by Eg, the total emitted by the sun per second, for which we have

used the value 3.79 X 10° erg/seci¥ and by s and p the radius and density of the particle
in question, expressed in c.g.s. units. It may be noticed at once that equation (2) inte-

tes to
A H=r8=h—ad,

3

where H is the instantaneous value of the angular momentum and k is the initial value.

The secular perturbations for an osculati
ity ¢ have been calculated by Robertson a

they are given by
i da a (243 e
@~ el A =
de Sae o
—
! ] L
g 2a El ‘a}m 5 O g TP 0
Bon -z Py FE/ 104 79/ . 30 1'.:;?9.?:’-":—*1 e
_ T ] e a > .
CfS 7 vy WeH ) FRELERT™ F(2) o B iBs ner v o toal o £
A ¥ A= Iy ':_ #
H o= i = #_ o a) o+
o wERE . BERE, B7 6., PES
o b2 ) kEIER o Fedoden 5 Fy Biv 3F 508 s 2y, PEEL o
= ﬁ""‘ I
.%ﬂ = _ ofl2pacd
L g -:
Brl. o) 7e ;
. 5:}{9.
o e

28]
The only other secular change is the advance of perihelion, which is found by Robertson
in the relativistic treatment to he . =
dr _" 3GV
dt - (] — e
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ellipse of semi-major axis ¢ and eccentric-
confirmed by us. For these two elements



We now seek to find the long-term changes in these elements. It may first be noticed
that the expression for perihelion advance is a maximum for large and dense bodies,
where u = GM. For the cases in which we are interested, the rate of change is insignifi-
cant, amounting, for example, to 43" per century for Mercury and less than this for small
bodies of greater a and re.

Of more interest are the changes in semi-major axis and eccentricity. If we deal with
initially circular orbits, equation (4) is simplified and integrates to i

2
;ni.: 7.0 %X 10%5 pa? years, m

where ¢ is the total time of fall for a particle of radius s cm, density p cm?, at an Initial
distance of ¢ astronomical units. This formula is due to Robertson. For the more general
case of eccentric orbits we can at least find a readily integrable relation between o and ¢
from division of equation (4) by equation (5). The result, after integration, is
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This relation is in contrast to the four-thirds power law found by Fessenkofi' for the
nonrelativistic solution. The constant in equation (8) will hold at all times for any given
particle, and, if we know gy and € at any arbitrary time, it can be computed, once and
for all, by solving for C:
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From the earlier equations it is not possible to find a relation a = a(f) that is inde-
pendent of e. However, by substituting equation (8) in equation (5), one finds a relation
involving only the eccentricity and time,
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where s and pare in ¢.g.5. units, The constant C* has the dimensions (A.U.)* and is evalu-
ated from equation {9) by using the constants of the orbit. Then (! — #o) is given directly

TABLE 1
THE TIME INTEGRALS

{g= 1)/ 107 spg® (i— sl 107 rpq?
¢ Gl b i P G s Yoais
000 ool | 0704 | 078, 0.771 4.10
7R 0, 0052 0,778 0. 846 442
2T e R 0158 0. 858 &1 0 880 460
s 0305 0.946 82 0.934 4.79
.20 M D40 1.04 | 83 0 983 5.00
T 0710 1.15 T 1.04 5.23
i 0960 (W) 85, 1.10 5.40
e BT . 127 1.40 BE 1.16 5.77
W s 162 155 | .87, 1.23 6.08
45 2 1.72 ] B 1.32 6.43
50 249 190 | .80 141 6 83
Ben -305 215 || w0 151 7.20
ey 370 2.42 o1, 1.63 7.82
62 -100 .54 e 1.78 8.45
64 432 2 68 93 1.96 9.22
I 488 782 o 2.17 10.17
- 506 298 5. 245 1130
K 548 316 o6, 282 13.06
. et 595 3.36 97, 33 15,50
K 7 647 3.5 . 4.30 19,60
07 .. .......| 0705 ! 3.82 R Il 6.37 28 59
|

in years. Although the integral cannot be found directly, the integrand is independent
of the particle under consideration, and pur erical integrations can be performed that
will hold for all cases. We have tabulated in the second and fifth columns of Table 1 the

function
& e e

5 { ge:l — E m “.ﬂ
for interesting values of the eccentricity. Now, upon substitution of arbitrary particle
radius, density, C%, and the quantity tabulated in Table 1 for some initial eccentricity,

1A, T, Seviet Unfon, 23, 366, 1046,

we can find the total time for the particle in question to spiral into the sun. For the tire
between any two nonzero eccentricities, one, of course, uses the difference between the

corresponding tabular values,
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For total times of fall to the sun from any initial eccentricity in terms of particle
radius, density, and perihelion distance, the calculation can be made far simpler, al-
though less general, by a reduction of equation (10). From equation (8), since

g=af{l-— &g,
we find e g2 (14 &) 255, 12
And thus, for total time of fall to the sun,
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We give in Table 1, third and sixth columns, the bracketed quantity in equation (13). " <7z
For numerical results it is now required only to substitute for s and p in c.g.5. units and \\-H__f, 3
in astronomical units. The latter quantity is directly available in most cometary

meteoric catalogues. It should be noted, however, that these results hold only for total

) u:m..;'[1

" time of spiraling into the sun and that the second and fifth columns of Table 1 should be

used for the times between two arbitrary eccentricities,
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Using the general relations for @ = a(e) and ¢ = gle) in equations (8) and (12) in
combination with that for e = e(#), it is a straightforward matter graphi to relate
semi-major axis or perihelion distance directly to the time. A calculation of a £) for vari-
ous known meteor orhits shows a reasonably linear decrease of semi-ma jor axis with the
time to a given point, which depends on the value of € for the orbit in fquestion, but
:_weratﬁ:s about 1 A.U. Then the decrease in a is accelerated, and finally the particle falls
into the sun in very short order. A plot of g(t) shows a very slow decrease over most of
the time but t:mall}:;ralsn, a fast drop into the sun. The curves in Figure 1 show the nature
of these relations for the Giacobinid and Leonid metear showers, .

The application of these results to small particles is interesting. As has been pointed
out, the operation of the Poynting-Robertson drag should have been effective in sweep-
ing out rather large volumes of the solar system in astronomically short times. For ex-
m!&. i: thefslm;ves];d case, that of bor;im in ll:ll‘tnhhi' orbits, we find that all particles of
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We have selected several of the known meteor showers, and, using Yamamoto®s® ele-
ments for the parent-comets (except for the parentless Geminid shower, where we hawve
used Whipple's® elements for a photographed meteor), we have calculated the total time
for these shower particles to fall into the sun. The results are shown in Table 2. The first
four columns are self-explanatory; the fifth gives the constant C appearing in equation’
{8); the sixth gives the times of fall as computed from Table 1 in terms of particle radius
and density; and the seventh gives, by way of comparisan, the times as calculated from
equation (7), assuming circular orbits. For example, a particle of radius 0.05 em, corre-
sponding to about a fifth-magnitude meteor, and of density 4 gm/cm® moving in the orbit
of Halley's Comet would be drawn into the sun in about fen million years. It can be seen
from the sixth column of Table 2 that the lifetimes of faint visual meteoric bodies in the
well-known showers are relatively short astronomically.
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. We inquire now as to the possibility of observing the Poynting-Robertson effect dur-
ing a metear shower. From equation (10) it is evident that the times involved depend — 122
© Pub. Kwasan Obs., Vol. 1, No. 4, 1936, o
! Proc. Amer. Pkil, Soc,, Val, 91, No. 2, 1947,
DB ) BRF= RRIES o,y Vb de TR E = 1P F26r & (n) 47
o IR TR S R B T gy BV 74 oby o35

OPep YERRS

F1z. 1.—Semi-major axis and elion distance a5 functions of the time for two showers. Subscripts
L refer to the Leanids and G to the Giacobinids. Times are reckoned from the present epoch.
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linearly on the particle size and density. Let us make the simplifying assumptions, firs
that the density of every meteoric part?cle is 4 gm/em? nnd,mﬁwd, that a mfteor ai'mw:;
originates as a uniformly dense swarm occupying an elliptical orbit with small circular
cross-section in the plane normal to the velocity vector of the particles. 1f there is dis-
in t.he individual meteor radii, the smaller ones will be drawn toward the sun far
aster than will their larger neighbors. At some time later, the cross-section of the swarm
will be elongated in the radial direction relative to the sun, with the smaller particles
orbiting closer to the sun. The conditions for observing this effect on earth are that the in-
E]:Tet;nkfp:: :;];F shr:vhre? shall be m?dtﬁ?my low or retrograde and that enough time shall

ince the formation o shower for the various-si i

e s oot the various-sized particles to have been
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As an approximation to the orders of time involved in separating bright and faint
particles for observation, we take all the above-listed showers with ¢ < 40% and assume
TABLE 2 :
TiMES OF FALL FOR SHOWER PARTICLES HEW s 1)
Shvower Parent- . . c E:-:l.l::f' I [1—;.;?::0‘ i
Geminids. . 1.396 0. 900 0. 289 0.143 1.4
Taurids. . . . .. Encke 2.210 . BAUE 0, 6995 0. 605 3.4
Bielids. ...... 1852 TIT 3,5259 . 75502 1. 8002 .79 B.7
Giacohinids 1933 II1 3.5 L T160 2.1 3.3 8.7
Orionids? . . H.l.lkf 17.96 L9673 1.186 5.10 230
Leonids. . . 1866 10.325 L0542 2.0145 7.24 75
Perseide. . . 1862 TIT 24,271 96035 1.9491 12.1 410
Lyrids. ... 1861 I 55,665 0.98346 1.8508 15.6 2200
TABLE 3
TIMES OF SEPARATION | 00 T
Shomer Years Shower Years
Geminids. ... ...... TX10¢ Bielids........... gl
Taurids. .......... 5x10¢ Leonids. . . L gl
Giacobinids. ... . ... 13104 Orionids?. I 108
that all i = (P, that the earth's orbit is circular, and that the perihelion advance of the
shower is of no consequence. We now inguire how long it will take to separate fifth-magni-
tude meteors from those of magnitude —2, so that the earth will pass from one limit to
: ﬂmnthﬂinapeﬁodnisdayis‘lgtn:hwld then be possible to observe a gradually changing +)—(15)
mean magnitude over the period. The radii of such meteors are calculated separately for
each shower, We take, as before, a density of 4 gm/cm®. We then apply to Watson’s’
values of mass, which were computed for meteors with velocity of 55 km/sec, a correction
for the actual ohserved shower velocities listed by him.*
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& This correction factor is calcu-
lated on the assumption that the kinetic energy of a meteor is proportional to its luminos-
ity. The steps in the geometrical approximation applied are to solve for the present true
anomaly of the intersection of earth and shower, to increase this by ¥°, te find by equa-
tion (8) the new o and ¢ satisfying the new true anomaly, and to integrate between the
old and new eccentricities to determine the time. The results indicate the correct order
of magnitude for the times of separation and are given in Table 3. Definitive correlations —* ¢

7 Between the Plansls (Philadelphia: Blakiston Co., 1941), p. 115,

B Ihid., p. 123,
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of magnitude and time apparently are not found in observations of meteor showers. A
shower may be of very recent origin so that the particles have not had time to become
separated radially. Such may be the case with the Giacobinids. Among the older show-
ers, where the magnitude effect should appear, those with orbits of low inclination and
therefore favorable for observation of the eflect are also most seriously affected by plane-
tary perturbations. Since these perturbations are nonselective with respect to particle
size but may be capable of dispersing the showers, the times given in Table 3 must be
considered only as upper limits to the possible ages of the showers. It may be possible in
the near future, by combining extensive data from visual, photographic, and electronic
ubscwdin &t}uﬁ of meteor showers, to detect a systematic effect of the sort that we have
ou above,
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Although meteor showers have in nearly all cases been identified with comets, the
origin of sporadic meteors is not so clear, It is possible that some sporadic meteors have a
common origin with the meteorites, which Harrison Brown and Claire Patterson® have
shown to be planetary debris. It seems justified to make the unproved assumption that
meteorites and asterolds are associated generically, Since the mean semi-major axis for
the known asternids is about 3 A.U., we may assume, in addition, that the parent-planet
(or planets) of the meteorites disintegrated at about this distance from the sun.i'Particim
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thrown past the orbit of Jupiter, if not lost immediately to the solar system, would gen-
erally move in orbits with an apse near Jupiter’s orbit. Hence most potential meteors
from such a disrupted planet would have orbits lying entirely within that of Jupiter,
The total times of fall to the sun for particles of density 4 gm/em? in a few such orbits are
given in Table 4. The column h s are, successively, perihelion distance, aphelion
distance, semi-major axis (all in astronomical units), eccentricity, C as calculated from
equation (9), and the time in years in terms of particle radius,
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Let us consider, first, what sorts of particle will have been eliminated within the dura-
tion of the short cosmic time scale. The slowest bodies are those in a circular orbit at
5 A.U.,and from Table 4 it is clear that all bodies of radius less than about 4cm must have
been swept into the sun within this time. Thus, for an assumed explosion 3 X 10" years
ago, all meteoric bodies arriving on the earth from the asteroid belt must be very bright.
However, if we assume a planetary breakup sixty million years ago, as suggested by
Bauer," it appears that all particles originating with the asteroids and of radius less than
(.08 cm must have been lost into the sun. It is probable, therefore, that the supply of
sporadic material giving meteors fainter than about the fifth magnitude must be com-

etary or interstellar in origin, except possibly for a few stragglers from asteroidal collisions. |

In considering the Poynting-Robertson effect in regions external to the solar system,

the time for a hody in a given orbit will be equal to that for the same body in the same
orbit around the sun multiplied by the factor Eg/E, the ratio of the total energy per sec-
V7. Geal., 56, 85, 1948
 Phys, Rev., 74, 501, 148,
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ond emitted by the sun to that emitted by the parent-star. In order to utilize the results
given above, we must, of course, continue to express ¢ and g in astronomical units, Near
the large and hot B stars the times will be shorter than those near the sun by a factor
of about 100,000, whereas for particles near M dwarfs the times will run approximately
one hundred times as long.
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The nucleus of the galaxy gives a negligibly small effect on the orbits of interstellar par-
ticles. What effect there is markedly on the co-ordinates of the particle con-
cerned, since the net radiative flux vector due to the Milky Way will vary in magnitude
and direction at each point of space because of the irregular distribution of bright clusters
and overlying dark clouds. However, even for an idealized unobscured galaxy of absolute
magnitude —15 and radius 1000 parsecs, where Eq/E may be taken as about 108, it iz
found that the time to spiral into the nucleus for a body of sp = 4 is 10 years for an ini-
tially circylar orbit. And, although for highly eccentric orbits the times may be less by a
factor of, say, 100, it is clear that the Poynting-Robertson effect has been of very little
significance galactically. Its importance is restricted to small particles orbiting in the
vicinity of individual stars.
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