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imations and sometimes by downright errors, several astronomers (e.g., 
Roemer 1961) questioned whether physical nongravitational influences on 
cometary motions really existed. Clearly there was a need for a con
certed attack on the problem, and the rapid advances in automatic compu
tational capabilities during the 1960s provided the opportunity. 

2. COMPUTATIONAL PROCEDURE 

The n-body computer program by Schubart and Stumpff (1966) pro
vided an excellent starting point, and with programing help from K. 
Aksnes it was combined with a differential-correction procedure in which 
the partial derivatives required are replaced by the differences in the 
comet's calculated coordinates that arise when small changes are made 
successively in each of the assumed orbital parameters. In a purely 
gravitational situation n would therefore be 17, the integration being 
done for the sun, the planets Mercury to Pluto, the nominal orbit of the 
comet and the six variations. This process is more accurate than the 
traditional one of calculating the partial derivatives analytically from 
the basic equations of the two-body problem, since the two-body equa
tions are frequently a poor approximation to the true motion of a comet, 
particularly one that makes a close approach to Jupiter during the span 
of time covered by the observations under consideration. By iterating 
the solution, terms of higher order than the first are automatically 
eliminated, and the differences converge to true partial derivatives. 
The beauty of this process is that it can be readily adapted to include 
a nongravitational force. The nongravitational force can be any con
tinuous function of the comet's position and velocity vectors and the 
time. Additional integrations must be done for each new nongravita
tional parameter introduced, and in a few of our computations n has 
been as high as 21. There is of course a danger that some of the 
additional parameters will be strongly correlated, and our experience 
has been that it is undesirable to introduce more than two additional 
parameters. 

Accordingly, we considered the nongravitational force in the form 
of additional acceleration components F1 directed along the comet's 
instantaneous radius vector outward from the sun, F„ parallel to the 
line from the sun to the point in the instantaneous orbit 90 ahead of 
the comet, and F„ perpendicular to the plane of the instantaneous 
orbit (to the "northern" side in the case of direct motion). Although 
the transverse component F„, which can most closely be related to the 
secular variation of the earlier computations, obviously turned out to 
be the best determined of the components, it soon became clear that the 
radial component F1 tended to be positive and an order of magnitude 
larger. This is of course precisely what is to be expected from the 
Whipple model, F„ arising solely because there is a lag between the 
direction of maximum ejection of material from the comet nucleus and the 
subsolar point. The computations suggested that this lag is generally 
on the order of 5 -10 . When solutions were made for the normal compo
nent F_, the results were comparable in magnitude to the transverse 
component, but since the determinacy of F_ is poor it has generally been 

https://doi.org/10.1017/S0252921100084025 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100084025


p
e

p
 

3
. 

M
 

o
 

m
 

s 
p

 
•«

 
ro

 n
> 

0
3

3 
H

 
rt

 
3

. 
p

- 
n>

 
r

t 
to

 
B

 
3

" 
P

- 
O

 
(B

 
* 

(B
 

-
t

o
 

en
 

ro
 

3 
r

t 
CO

 
CO

 
P

I 
3 

ft
. 

O
. 

O
 

0 
Co

 
T

3 
0 

i-t
 

r
t 

S
 

ft
. 

ro
 

cr
 

0
, 

p
. 

B
 

3 
O

 
l-

h
 

Co
 

O
.

O
 

r
t 

fB
 

H
 

p
. 

P
-"

 
O

 
= 

r
t 

3 
- 

3
" 

(B
 

O
 

3 
H

i 
Co

 
g

 
h

d
 

to
 

f6
p

. 
3 

P
1 

v*
J 

p
. 

*!
 

3 
0

3
" 

<S
 

K
 

Co
 

fB
 

H
 

r
t

h
 

H
 

01
 

01
 

c
r 

n>
 

ft
. 

co
 

(B
 

CO
 

>
3 

3 
O

 
cr

 «
! 

fB
 

fB
 

fB
 

rt
 

ro
 

ii
 

3 
CO

 
CO

 
t-

' 
< 

3 
• 

co
 

a
. 

H
 

h
-.

 
p

.  
tt

 

vo
 O

 
^

J 
c 

&
. 

W
0

1 
p

. 
W

H
9 

..
 

V
j 

p
. 

3 
r

t 
p

. 
(B

 
01

 

3 
P*

. 
(B

 
3 

3
* 

0
0 

S
 

(B
 

C
O

 
X

 
ft

 
1 

^ p
- ro
 

r
t 

i-t
 

H
 

0 ft
. 

P
 

CO
 

r
t 

CD
 

3 O
 

(B
 

H
 • 

r
t 

3
* 

fB
 < CO
 

H
 

P
 

CO
 

r
t 

P
-

O
 3 O
 

l-
h

 

r
t 

3
* 

> 
fB

 
H

i 
r

t 
(B

 
H

 3 rt
 

P
-

i-
1 

P
-

N
 

P
- 3 O

P
 

H
i 

O
 

H
 

CO
 

O
 B
 

ro
 

rt
 

p
- S
 

(B
 

CD
 

3 (D
 

3 r
t 

P
-

H
 

fB
 

P
" 

«*
8 Co

 
H

 
3

* 
P

-
r

t H
 

CD
 

H
 

v
< 

3 O
 3 0

0 H
 

CD
 

«$
 

p
. 

r
t 

CD
 

r
t 

P
-

O
 3 CD
 

p
" 

H
i 

O
 

H
 

O
 

fB
 « P-

*
j 

H
 

0 3 CD
 

1
3 3
* 

•-<*
 

01
 

P
-

O
 

CO
 

P
1 

•3
 

O
 

P
-

3 r
t 

O
 

H
i 

<J
 

P
- ro
 

*!
 

p
-

r
t 

P
-

01
 

3
* 

P
-

0
0 E
r 

I-
1 

r
t 

K
j 

3
" 

r
t 

3
* ro
 

0 0 S
 

fB
 

r
t * 

01
 

B
* 

fB
 

1—
' 

P
-

O
 

O
 

IB
 

3 1 

O
. 

fB
 

01
 

P
-

H
 

CO
 

3
" 

P
" 

fB
 

r
t 

O
 

O
 

O
 3 01
 

p
. 

a.
 

(B
 

H
 

p
" 

CO
 

01
 

r
t 

O
 cr
 

01
 

(B
 

l-l
 < (B &.
 

CO
 

•3
 

•3
 ro
 

Co
 

l-l
 

CD
 

3 O
 

fD
 

P
- 3 h
-

0
0 

~
J 

V
O

 

• 

CO
 

fB
 

•3
 

r
t 

"
3 

fB
 

(B
 

l-l
 

CO
 

CO
 

H
 

• 

rt
 

O
 

C
O

 
C

 
3

" 
O

 
co

 
g

1 

< (B 
O

 
3

" 
cr

 C
D

 
fD

 
3 

O
 

0
0 

O
 

(B
 

B
 

co
 

(B
 

«:
 

ro
 r

o
 

X
 

« 
rt

 
fB

 
H

 
fB

 
CD

 
B

 
"3

 
fl

> 
>

3 CO
 

3
- 

H
 

ro
 r

o
 

r
t 

3 
* 

r
t 

(B
 

fB
 

p
. 

3 
3 

r
t 

r
t 

3
- 

3
" 

fB
 

fB
 

0 
B

 
O

 
O

 
B

 
rt

 
fB

 
p

. 
r

t 
0 

- 
3 

CO
 

O
 

P
 

H
i 

0
0 ~
j 

ns
 

co
 -

^
. 

w
 

H
 

H
 

ro
 

0 
r

t 
1-1

 
3 

01
 

l-
l 

fB
 

3 
3 

M
 

CO
 

3 
CO

 
a

. 
3 a
. 

p
-

r
t 

rt
 

co
 

3
* 

fB
 

*<
 •3

 
fB

 
O

 
r

t 
fB

 
O

. 

r
t 

O
 

"
3 i-l

 
O

 
3

. 
C

 
O

 
fB

 

(B
 < fB 3 « p. p

" a.
 

ro
 

1-
1 

0 3
* 

Co
 

3 0
0 ro

 
01

 

p
- 3 r
t 3
* ro
 

3 O
 3 O

P
 

i-
l CO

 

< p- r
t 

CD
 

r
t 

p
-

O
 3 CO
 

p
" 

•3
 

CO
 

I-t
 S
 

3 

cr
 

H
 

ro
 r

o
 

3
"

3 
CO

 
l-

l 

< 
ro

 
p

. 
01

 
O

 
fB

 
H

 
3 r
t 

O
 

p
-

H
i 

3 
0

0 
r

t 3
" 

H
 

fB
 

(B
 

CO
 

r
t ro
 

Co
 

a
. 

0 0 B
 

•3
 

p
> ro
 

r
t 

fD
 

p
' 

p
"

<
; 

H
 

CO
 

O
 

r
t 

r
t 

p
-

Co
 

< 
rt

 
fB

 
P

-

3 
to

 
CO

 
CO

 
C

O
 

IX
 

P
- 

i-
1 

01
 

O
 

CO
 

p
. 

01
 

3 
-

CO
 

C
O

 

3*
 

r>
 

0 
0 

3 
B

 
P

-
fB

 
O

. 
r

t - 
CO

 
01

 
3

* 
O

 
3

. 
«

! 

•̂
 

P
- 

CO
 

3 0
0 

p
" 

CO
 

01
 

H
 

r
t 

O
Q

 
CO

 
fB

 
0

0 fB
 

P
-

01
 

3 r>
 

< 
H

 
O

 
(B

 
C

 
Co

 
h-

" 
CO

 
D

. 
ro

 • 
0

* ro
 

w
 

ro
 

1-
1 

X
 

n
 

1 
C

D
 

r
t 

P
-

O
 

a- p
-

01
 

"
3 fB

 
i-

l 
01

 
ro

 
p

- 3 r
t 

O
 s fB r
t ro
 

0 H
 

O
 

P
- a
. 

01
 

«•
 

r
t 

3
" ro
 

3 O
 3 0

0 H
 

CO
 

< P- r
t 

CO
 

r
t 

P
-

O
 3 CO
 

i—
" 

H
i 

O
 

H
 

O
 

ro
 

*»
 3 O

 
r

t 

CD
 

P
1 

P
1 

O
 

O
 B
 

ro
 

r
t 

CO
 

i-l
 

^ 3 C
 

O
 

i-
" 

(B
 

P
- s CD »<
! 

a.
 

ro
 

Co
 

0 r
t 

P
- < Co r
t ro
 

• M
 

H
i 

Co
 

O
 

O
 B
 

fB
 

r
t 3 C
 

O
 

p
* 

fB
 

c 01
 

01
 

3
* 

O
 c 

Co
 

S
 

a
. 

5 
i_

i.
 

r
t 

C
 

P
 

CO
 

O
 

r
t 

3 
B

 
ro

 
0 

3 
H

i 
r

t 

*-
> 

r
t 

v
o

 
O

 
-t

> 
•O

 
r

t 
^

^ 
3

" ro
 

ff
i 

p
-

co
 

a
. 

3
. 

co
 

0 
p

* 
•3

 
0

0 
r

t 
0 

ro
 

0
. 

0 0 
B

 
C

 
CO

 
p

-
co

 
a

. 
CO

 

3
" 

CO
 

< ro
 

01
 

0 B
 

ro
 

0 r
t 

3
" 

fB
 

H
 

O
 

CO
 

3 CO
 

ro
 

• > 5 3 0 3 
cr

o
o

 
O

 
fB

 
H

i 
B

 
C

O
 

3 
CD

 
O

 
r

t 
3

* 
3 

^ 
i-

l 
B

 
3 

O
 

i-l
 

^
-\

 
fB

 
ES

 
CO

 
P

" 
H

 
O

 
01

 
0

0 
3

. 
P

-
ro

 
0 

3 
» p
" 

p
* 

P
1 

vO
"-

«S
 

~
J 

O
 

(B
 

3
* 

X
 

N
—

'»
3 

• 
P

1 

CO
 

P
-

M
 

3 
3 

ro
 

a
. 

CD
 

3 
c 

P
1

"
^ 

»
< 

a
. 

p
-

3 1 

O
 

CO
 

Co
 

3 
01

 
ro

 
w

 

H
 

CO
 

•<
 

P
-

r
t 

CO
 

r
t 

P
-

O
 3 CO
 

p
" ro
 

H
i 

H
i 

(B
 

0 r
t ; 

CO
 

C
 

CO
 

•3
 ro
 

0 r
t 

fB
 

a.
 

p
-

3 r
t 3
* 

fB
 

r
t 

r
t 

3
* 

3
* 

ro
 r

o
 

3
. 

3 
co

 r
o

 
3 

0 
0

0 
ro

 
ro

 
01

 
p

. 
01

 
CO

 
r

t 
H

 
3

*
«

^ 
3 r

t 
0 O
 

r
t 

g
 

3
*

-
3 

fB
 

3 r
t 

CO
 

C
O

 

B
 

rt
 

CO
 

P
-

p
- 

O
 

p
- 

3 CO
 

i-l
 

fB
 

CO
 

CO
 

l-l
 

p
- 

ro
 

3
. 

3 
fB

 
3 

X
 

P
1  

r
t 

CO
 

H
 

fB
 

H
i 

B
 

H
 

fB
 

O
 

p
-

B
 *

<!
 

r
t 

p
. 

3
" 

3 
fB

 
r

t 
i-t

 
0

0 
p

. 
i-t

 
O

 
Co

 
3 

< 
r

t 
P

- 
fD

 
r

t 
» 

3 r
t 

co
 

P
- 

3 
O

 
3

. 
3 3 

r
t 

P
- 

3
* 

ro
 

CO
 

I-t
 

0 
ro

 
P

1 

3 
P

-
r

t 
01

 
p

-
O

 
3 

3 
P

-
01

 
S

 
3 ><
S

 
CO

 

3 
"

3 
O

 
O

 
3 

co
 

0
0 

co
 

i-l
 

P
 

CO
 

C
7

* 

< 
p

 
P

- 
!-

• 
r

t 
p

. 
Co

 
r

t 
rt

 
v

< 
P

-
O

 
r

t 
3 

3
* 

CO
 

C
O

 
p

* 
r

t 

ro
 

01
 

H
i 

O
 

H
i 

B
 

ro
 r

o
 

0 r
t 

0 
01

 
o

* 

(_>
. 

y
-s

 
(B

 
N

 
O

 
P

- 
r

t 
O

 
CO

 
IV

 
*•

 
rt

 

h
d

 
H

- 
O

 
a

. 
00

 
3 

3 
a 

x>
 

n
 

a
. 

co
 -

H
 

1—
 

ro
 

p
 

v
o

 
3 

r
t 

0
0 

r
t 

•£
> 

3
f 

•"
-•

 
3 

bd
 v

o
 c

o
 

O
 

0
0 

O
J 

H
 

3 
fB

 
3 

H
 

O
 

3
. 

w
 

ro
 

- 
3 

r
t 

r
t 

ff
m

 
p

 
ro

 c
o

 v
^ 

p
-

H
 

«
! 

H
 

ro
 r

o
 

3 
P

> 
0 

S
H

U
 

r
t 

p
. 

P
- 

3 
< 

0 
01

 
ro

 
p

- 
3

. 
O

 
E

J
"

3 
r

t 
C

 
3 

01
 

r
t 

S
T

 
P

- 
3 

•3
 

p
"

3 
V

O
 

fB
 

0
0 

3 
U

l 
M

 
v

^ 
rt

 
P

- 
O

 
CO

 

co
 

cr
 

p
 

rt
 

ro
 r

o
 

ro
 

t 
a.

 
0- P

- 
H

i 
0 

co
 

3 
P

f
) 

H
 

c 01 3 3 P
" s p- 3 O
 

H
 

•3
 

l-
" 

3 3 ro
 

r
t 

CO
 

3 H
 ro
 

ft
. ro
 

H
i 

3 3 O
 

r
t 

O
 

O
 B
 

ro
 

r
t 

3 H
 

0 
0 

>-
"<

 
Co

 
<3

 
fB

 
fB

 
«

! 
H

 
P

-
3 

p
- 

r
t 

•
3

^
3

* 
o

*>
3 

co
 

O
 

ro
 

H
i 

3 
0 

01
 

O
 

r
t 

3 
fB

 
P

. 
i-l

 
01

 
O

 
ro

 
p

. 
3

. 
p

- 
3 

3 
p

< 
rt

 
ro

 
01

 
n

 
s*

 
ro

 
0 

01
 

3 
rt

 
p

* 
p

. 
3

. 
3 0
0 

01
 

- 
3

" 
O

 
3

* 
«

! 
C

 
rt

 

H
 

r
t 

0
0

3
-

3 
H

i 
fB

 
O

 
S

T
P

O
. 

fB
 

v
o

 
P

-
CO

 
0

0 
01

 
r

o
 

0 
r

t 
O

 
O

 
H

i 
<J

 
> 

fB
 

C
_,

 <
• 

H
 

3 
V

! 
•3

 
p

-
P

- 
V

O
 

O
 

r
t 

0
0 

H
i 

ro
 

w
 

H
 

r
t 

• 
C

O
 

3
* 

> 
ro

 
w

 
H

 
O

 
3*

 
H

- 
ro

 
ro

 v
o

 
0 

0
0 

p
. 

O
J 

1 

3 3 O
 

P
1 

fD
 

P
-

3
* 

3 CO
 

cr
 

ro
 

ro
 

3 CO
 

O
 B
 

ro
 

€ 3
-

3 r
t 

O
 

3 r
t 

O
 

H
i 

!>
 

P
» 

r
t sr
 

0 3 0
0 »•

 
r

t 
3

* 
ro

 
p

-
3

. 
ro

 
3 r

t 3
* 

3 r
t 

01
 

O
 B
 

fB
 

0 H
i 

r
t 3
* 

ro
 > "3

 
O

 
p

" 
p

< 
O

 

O
 cr
 

(_
i.

 

ro
 

0 r
t 

GO
 

3 3 3
. 

O
 

r
t 

3
* 

fB
 

l-l
 

3 3 1 

r
t 

B
 

3 
3

. 
p

. 
O

 
O

 
fB

 
O

 
i-t

 
B

 
H

i 
B

 
It

 
It

 
H

 
• 

r
t 

3 
co

 
- 

fB
 

O
 

01
 

ft
. 

cr
 O

 
rt

 
•^

 
H

 
3

" 
cr

 r
o

 
< 

P
- 

B
 

3 
r

t 
H

 
O

 
P

- 
H

i 
3 

co
 0

 
3 

rt
 

i-
> 

P
- 

p
> 

3 
O

O
P

" 
3 

«
! 

01
 

CO
 

p
. 

O
 

3 
p

-0
0 

c
r 

3 
ro

 
3 

r
t 

p
-

3
* 

0 
3 

ro
 

p
- 

H
I 

0 
p

> 
O

 
co

 
C

 
H

 
(B

 
(B

 
P

- 
3 

ro
 

3 
0 

3 
>3

 r
o

 
r

t 
*3

 
3

. 
3 

l-t
 

r
t 

0 
r

t 
p

. 
CO

 
O

 
O

 
O

 
3 

c
r 

co
 

O
 

O
 

r
t 

B
 

H
i 

O
 

fB
 

rt
 

c_
i r

o
 

3*
 C

 
X

 
ro

 "
3 

rt
 

p
- 

ro
 

0 
r

t 
3 

0 0 S
 

fB
 

r
t 

CO
 

u
 P
 

r
t 

p
-

CO
 

3 •3
 

•3
 

3 H
 ro
 

3 rt
 

r
t 

3
' 

3 r
t 

r
t 3
-

fB
 

3 O
 3 0

0 H
 

3 < P' rt
 

3 r
t 

P
-

O
 3 3 p
* 

O
 

ro
 

r
t 

>
3 

B
 

« 
ro

 «
• 

cr
 

rt
 

V
4 

- 
3 

B
 

B
 

p
> 

ft
. 

3 
3 

l-
l 

X
 

>
3 

0
0 

P
- 

l-
l 

IB
 

co
 

(B
 

01
 

0 
O

 
C

 
3

* 

"
J 

§ 
H 

cr
o

o
 

0 
M

 r
o

 
r

t 
«

^ 
co

 
3 1 

ro
 

p
-

< 
3 

ro
 

3 
3 

3 H
 

3 B
 

ro
 

r
t ro

 
H

 
CO

 

3 CO
 

« ro
 

3
* 

3 < fB 

r
t 

P
 < 3 r
t 

P
 

O
 3 O
 

H
! 

3 O
 

O
 B
 

ro
 

rt
 * P- r

t 
3

" 

r
t P
- s ro
 

•a
 

H
 ro
 

CO
 

3 I cr
 

P
1 

•-<*
 

•3
 

P
" 

3 v
< CO

 

3 H
 

0 p
- ro
 

w
 3 r
t 

P
1 

ro
 

3 01
 

r
t 

H
i 

O
 

i-l
 

CO
 

O
 B
 

ft
 

r
t 

ro
 

< 
p

 
cr

 
s 

co
 

3 
3 

0 
p

* 
co

 
r

t 
3 

3 
p

 
0

0 
ro

 
0

0 
r

t 
3

* 
co

 
3

* 
3

* 
r

t 
ro

 
r

t 
0 

-
i-

l 
V

 
H

i 
ro

 
3 

3 
r

t 
r

t 
co

 
P

- 
3

" 
» 

r
t 

It
 

« 
3

" 
fB

 
3 

ro
 •

« 
p-

0 
to

 
1—

1 
•3

 
M

 
H

. 
CO

 
Co

 
3 

3  
H

 
B

 
01

 
u

i.
 

3 
ro

 
3 

B
 

r
t 

0
0 

co
 

IB
 

ro
 

i-
l 

rt
 

rt
 

1-1
 r

o
 

p
. 

ro
 

co
 

0 
i-t

 
H

i 
rt

 
fB

 
l-l

 
fB

 
0

0
1

-
1 

r
t 

3 
B

 
O

P
 

ft
. 

ft
. 

IB
 

r
t 

C
T

 
p

- 
r

t 
3

* 
ro

 
01

 
ro

 
ro

 
O

H
 

H
 

H
 

B
 

H
 

ro
 

ro
 

p
-

ro
 

3 
rt

 
p

 
o

i 
01

 
ro

 
3 

p
- 

0 
0 

a
. 

3 
» 

^ 
3 

3 
0 

-
co

 
cr

 p
> 

P
1  

P
1  

3 
O

 
01

 
>-

^ 
r

t 
co

 
• 

P
- 

3 
ft

. 
0 

ro
 

3 
cr

 
>

• 
r

t 
01

 
ro

 
p

" 
IB

 
r

t 
H

 
0 

O
 

a-
 

B
 

< 
cr

 
0 

P
- 

ro
 

r
t 

3 
3 

i-
l 

3 
0

0 
fB

 
P

-
cr

 
3

. 
m

 
3 

w
 

t
i 

it
 

rt
 

3 
3

. 
s-

 
cr

 
3 

ro
 3

 
m

 
cr

 
r

t 
v

< 
0

0 
0 

l-t
 

01
 

H
i 

O
 

co
 

B
* 

O
 

ft
. 

O
 

r
t 

S
 

C
 

i-t
 

p
.-

3 
3 

r
t 

B
 

3 
p

- 
IB

 
H

 
fB

 
p

-
ft

. 
3 

P-
> 

3 
ro

 
0 

0 
00

 
3 

3 
3 

O
 

0
0 

0
0 

1 
3

1 

O
 

O
 

H
 

l-l
 

ro
 

P
" 

M
 

Co
 

3 
r

t 
P

- 
O

 
O

 
O

 
3 

B
 

•3
 

cr
 

s 
ro

 
rt

 
r

t 
3 

t 
rt

 
ro

 
p

-
ro

 
0 

3 
3 CO

 
3 

O
 

•3
 

H
i 

3 i-l
 

r
t 

3 
3

" 
B

 
P

-
ro

 c
o

 
r

t 
fB

 
r

t 
H

 v
<s

 
"

3 
3 

ro
 

3 ft
. 

r
t 

3
-

p
. 

ro
 

r
t 

i-t
 

01
 

ro
 

H
 

P
-

3 
01

 
r

t ro
 

p
-

3 
0 H

i 
3 3 

O
 

<
^ 

B
* 

3 
O

 
3 

3 
0

0 
co

 
ro

 r
o

 
v 

3 
CO

 
C

O
 

S
 

3 
ft

. 
3 p
" 

B
 

p
" 

O
 

"-
<•

 
H

 ro
 

3 P
* 

3 H
 

0
0 ro

 

r
t 

B
1 

ro
 

•3
 

H
 

3 O
 

r
t P
 

0 ro
 * 3 CO
 

3 cr
 

3 3 ft
. 

O
 3 ro
 

ft
. • 

i-
1  

3 
Co

 
W

 
V

O
 

P
.'

O
 

^ 
~

J 
ft

. 
"

3 
9

> 
0 

ro
 

Co
 

ft
. 

N
«

^ 

CD
 

r
t 

3 
B

"
3 

(B
 

-r
t 

r
t 

O
 

i-
l 

r
t 

r
t 

3
-

ro
 

r
t 

0 
r

t 
i-

l 
r

t 
Co

 
ff

 
3 

ro
 

01
 

< 
a1 

ro
 v

^ 
H

 
"

3 
01

 
0 

ro
 

r
t 

E
T

 
0 

ro
 

0 
01

 
B

 
P

-
•3

 
00

 
O

 
• 

3 ro
 

3 
m

 
r

t 
O

 * 
0 

ro
 

H
i 

< ro
 

h
d

 
H

 

-*-
*»*

 
*a

 
0 

« 
3 

p
-

co
 

r
t 

1 
3

* 
S

! 
P

- 
r

t 
3 

3
* 

B
 

ro
 

ro
 

0 
1-

1 
ss

* 
ro

 
ro

 
0 0 

3
" 

0
0 

3 
B

 
ft

. 
p

. 
r

t 
O

 
P

-
3

* 
O

 
3 

3 
B

 
0

0 
^ 

ro
 

H
 

3 
ro

 
H

 
3 

Co
 

ft
. 

3 
1 

0 
p

o
 

ro
 

p
. 

0
0 

3 
3 

ft
. 

§ 

3 
3 

O
 

3 3
. 

ft
. ro

 
P

J 
r

t 
~

~
. 

ro
 

z 
0 

ro
 

r
t 

3 
3 

<—
'• 

cr
 B

 
p

" 
p

-
ro

 
3 

3 
P

* 
0 

« 
3 0
0 

ro
 

H
 

c
i 

3 
0 

< 
a-

p
-

r
t 

0 
3 

H
i 

r
t 

P
- 

«
! 

p
. 

3 
B

 
ro

 
r

t 
3 

O
 

r
t 

P
 

0 
to

 
3 

P
-

H
 

P
-1 

<-<
 

IB
 

to
 

rt
 

H
 

O
 

p
" 

«<
J 

N
 

ro
 

3 
H

 
0 

0 
3 0
0 

< 
M

 
P

-
to

 
r

t 
<

! 
B

4 

P
-

r
t 

r
t 

to
 

P
-

r
t 

B
 

p
. 

ro
 

0 
<•

 
B

 
co

 r
o

 
p

- 
X

 
1 

"
3 

H
i 

O
 

O
 

3 
H

 
ro

 
0 

B
 

fB
 

r
t 

P
-

O
 

to
 

O
 

p
" 

S
 

O
 

3
* 

"
3 

ft
-

B
 

P
-

3 
O

 
P

- 
B

" 

ro
 

B
* 

H
i 

to
 

H
i 

CO
 

ro
 

0 
cr

 
r

t 
0 r
t 

P
- 

B
" 

B
 

3 
P

-
r

t 
0

0 
co

 r
o

 
3 

B
 

ro
 

O
 

H
 

r
t 

co
 

p
- 

p
« 

O
 

!-
• 

ro
 

!S
 3

 
^ 

ft
. 

3 H
 

CO
 

C
O

 

p
. 

a
. 

OQ
 r

o
 

3 
3 

«•
 

p
- B
 

ro
 

i-t
 

rt
 

C
 

ro
 

r
t 

0 
3 

to
 

r
t 

v
-i

 
P

-
O

 
r

t 
B

 
ro

 
.m

 g
 

CO
 

H
 

«!
 

X
T

 
ro

 
ro

 
1-

1 ro
 

ro
 

X
 

P
-

P
- 

3 
01

 
r

t 
r

t 
H

 
IB

 
O

 
3 

ft
. 

O
 

3 
ro

 
0 ro

 
0 

ft
-

H
i 

r
t 

V
 ro
 

CO
 

ro
 

0 3 p
* 

CO
 

»
i to
 

0 0 ro
 

P
« ro
 

•i
 to
 

r
t p
. 

0 B
 

O
 

H
i 

U
S

 

^̂
^ 

w
 

3 0 :*•
 

ro
 

« to
 

n
 

ft
. ro
 

0 H
 ro
 

to
 

3 p
- B
 

0
0 

V
 *
3 ro

 
1-1

 
3

-
Co

 
•3

 
CO

 

IB
 

X
 

*3
 

O
 1 

H
i 

O
 

3 3 ft
. to
 

ft
. < p.
 

CO
 

3 cr
 

P
1 ro
 

r
t 

0 p
-

0
0 B
 

O
 

ii
 ro
 

p
-

r
t • C
O

 
p

- 3 O
 ro
 

r
t 

3
* ro
 

H
 ro
 

CO
 

ro
 

ro
 

S
 

ro
 

ft
. 

r
t 

O
 cr
 

ro
 

ro
 

< p- ft
. ro
 

B
 

0 ro
 

r
t 

3
* 

3 r
t 

Z
 

O
 z 0 JO
 > < > O

 z > tr* •n
 

O
 

50
 

n
 

to
 

t/
i 

O
 z 0 0 g
 

m
 

H
 

C
/l 

O
J 

4>
-

https://doi.org/10.1017/S0252921100084025 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100084025


•d
 

C
O

 
o

 
P

* « P CO
 

01
 

9 IB
 

3 a i •e
 

IB
 

O
 r IB
 

3 a t—
» 

rr
 

E
f 

IB
 

ft
 9 P
-

0
0 E
T

 
If

 

IB
 

It
 

M
l 

P
-

H
 

CO
 

rr
 

CO
 

P
-

0
0 r
r 

rr
 

cr
 

ro
 

ro
 

X
 

T
J IB

 
O

 
IT

 

ro
 

a rr
 

O
 

p
. 

P
 

M
l 

p
1 c 

O
 o 9 ro
 

ft
 

IB
 

l-
l ^ O
 o 3 CO
 

rr
 

P
-

rr
 

C
 

rt
 

P
 

rr
 

»»•
 

(B
 

P
 

C
u

 

P
-

0 CO
 

•a
 

p
. 

rr
 

ro
 

O
 

M
l 

rr
 

rr
 

rt
 o c rr
 

cr
 

C
 

H
 

CO
 

rr
 

CO
 

P
-

P
 cr
 

l-t
 

P
-

0
0 rr
 

r
t P
 

to
 

CO
 

CO
 

o M
l 

C
U

 
P

-
CO

 
r

t 
IB

 
B

 
O

 
rt

 

M
l 

O
 

M
 < (B rr
 

rt
 

H
 1 I CO
 

p
 

O
 

rr
 

r
t rr
 

M
 

rt
 n>
 

1 (B
 

T
J 

T
J IB

 
M

 
P

-
rr

 
P

-
O

 
P

 o o 9 ro
 

rr
 

CO
 

rr
 

« 
(D

 
H

 

P
-

P
 

C
u

 
P

-
O

 
Co

 
rr

 
P

-
O

 
B

 

rr
 rr
 

Co
 

rr
 * Co rr
 

rt
 

H
 

P
-

CO
 

rr
 

rr
 

rt
 

TJ
 

M
 

P
-

P
 

o
 

P
-

T
J to

 
1—

• 

P
-

r
t rr
 

•o
 

a>
 

M
 

P
- rr
 

(T>
 

i-
1 

P
- o B
 

c
u

 
P

-
CO

 
r

t 
Co

 
P

 r>
 

rt
 

CO
 

Co
 

cr
 

o < ro
 

rr
 

rr
 

ro
 

rr
 

M
 

CO
 

P
 

CO
 

P
-

rr
 

P
-

O
 

B
 

CO
 

M
l 

O
 

H
 

rt
 1 9 a>
 

B
 

rr
 

P
-

O
 

3 ft
 a
. s 

Co
 

CO
 

rr
 

rt
 

ii
 

O
 

P
-

C
u

 
IB

 
(-

• 3 

o
 o 9 n>
 

rr
 

CO
 

* rr
 

rr
 

P
-

CO
 

CO
 

fB
 

O
 

rr
 

P
-

O
 

P
 o o 3 rr
 

CO
 

P
-

3 CO
 

rr
 rr
 

ro
 

rr
 rr
 

H
 

(B
 

(B
 

3 O
 

3 0
0 M
 

CO
 

<!
 

P
-

rr
 

P
 

rr
 

P
-

O
 

3 CO
 

p
i 

1
3 Co

 
M

 
Co

 

9 (B
 

rr
 

(B
 

M
 

CO
 

rr
 

CO
 

< (B cr
 

(B
 

(B
 

3 C
U

 
fB

 
rr

 
(B

 
O

 
rr

 
lt>

 

1
3 M
 

(B
 

C
L.

 
P

-
CO

 
o

 o «3
 

(B
 

l-
l ^ o rr
 

CO
 

(B
 

M
 ^ to rr
 

P
-

O
 

3 • C
O

 
(D

 
O

 
rr

 
P

- o B
 

i—
" 

CO
 

rr
 

o 32
 

CO
 

o
 

O
 

a
. 

9 

M
 s to
 

e
u

 

0)
 

rr
 

CO
 

M
l 

o l-t
 

C
u

 
€ 

P
-

r
t 

P
- o 3 rr
 

O
 

rr
 rr
 

n>
 rr

 
P

- o rr
 

3 o a
. 

(B
 

M
l 

P
" 

3 P
-

rr
 

(B
 

M
i 

CO
 

O
 

rr
 

rr
 rr
 

CO
 

rr
 

P
-

P
 

rr
 

rr
 

P
-

CO
 

o
 

CO
 

CO
 

ro
 

rr
 

3
* 

(B
 

CO
 

o i—
" 

C
 

rr
 

P
-

O
 

3 Co
 

O
 

rr
 

e CO
 

P
* 

p
i 

•"
-S

 

P
-

3 O
 (-•
 

C
 

C
L

 

n>
 

C
u

 

CO
 

1
3 H
 

IB
 1 CO
 

1
3 

1
3 l-l
 

O
 

to
 

o
 rr
 

O
. 

M
 

M
- 

(B
 

CO
 

O
 

rr
 

(D
 

to
 

S
 

3 
rr

 
o

 
i-

> 
tt

> 
«-

4 
V

 

cr
 

C
 

fB
 

C
 

ft
) 

rr
 

B
 

rr
 

rr
 

p*
 r

r 
rt

 
i-i

 

o 
9s

 
B

 
rr

 
H

 
K

-

rr
 

o
 

rr
 

o 
ro

 P
 

co
 

h-
" 

H
-

to
 

co
 

i-t
 

rr
 

0
0 

(B
 

rt
 

P
 

rr
 

> 
E

J
tJ

 
rt

 9 o CO
 

rr
 

rr
 

1
3 

< co 
€ 

(-
• 

M
-

C
 

rr
 

rt
 

r
r 

CO
 

rr
 

o 
rr

 
M

l 
rt

 

o
. 

>
 

m
 

n>
 

p
r

o
 

co
 

9 ra
 

r
r 

•-«
 

< (B 
C

H
 

!-
• 

C
 

C
 

T
J 

rt
 

H
-

rr
 

M
i 

rt
 

O
 

M
 

i-t
 

M
l 

rr
j 

n
 

~
-»

 
O

 
O

 
S

 
C

 
B

 
O

 
B

 
n o*

 
9 

r-
H

- 
rr

 
0

0 
co

 
3

" 
rr

 
o

 
M

l 

rr
 

rt
 

i—
» 

(B
 

H
- 

M
 

B
 

0
0 

M
l 

rt
 

(-
• 

rt
 

C
 

rt
 

1
3 

3 
rt

 
O

 
H

 
rt

 
H

-

eu
 r

r 
rt

 
c

r 
i-

. 
»

< 
M

-
o 

rr
 

B
 

rr
 

n>
 

o rr
 

CO
 

H
-

rt
 

<
j 

rt
 t

o
 

9 
rr

 
H

-
rr

 
O

 
O

 
P

 

*̂-
*, 

rr
 

n 
(B

 
O

 
rr

 
to

 t
o

 
co

 
rr

 
CO

 
H

-
O

 
O

 
o

 
p

 
H

- 
I 

Co
 

< 
rr

 
to

 
rt

 
H

 
C

u
 

H
-

to
 

J3
 

rr
 

H
- 

H
-

rr
 

O
 

3
* 

3 

O
 

CO
 

r
r 

o
 

L
-i

. 
rt

 
n

 
3 

O
 

(B
 

rr
 

M
 

CO
 

H
-

O
 

rr
 

• 

rr
 

CO
 

rr
 

C
O

 
P

 
rr

 
9 

to
 r

t 
c

u
 

o
 

M
l 

CO
 

M
 

rr
 

rr
 

3
* 

rt
 

0
) 

rt
 

(B
 

i-l
 

rt
 « rt I-
" 

I-
1 1 rr
 

rt
 rr
 

Co
 

< rt C
U

 
w

 

1
3 M
 

(B
 

C
U

 
M

-
O

 
rr

 
Co

 

rr
 

c
r 

CO
 

rr
 

CO
 

M
 

rt
 

rt
 

M
-

rr
 

rr
 

re
 

i-t
 

CO
 

rr
 

(B
 

to
 

C
u

 <̂ O
 

H
 

C
u

 
rt

 
O

 
M

 
rt

 
to

 
CO

 
H

-
P

 
0

0 H
-

B
 9 CO
 

rr
o

o 
t-

« 
rt

 

O
 

O
 9 ro
 

rr
 

CO
 

^ 0
0 rt
 

B
 

rt
 

i-l
 

to
 !-•
 

M
-

V
! 

B
 

H
-

rr
 

C
 

C
u

 
rt

 « M- rr
 

3
* 

rr
 

H
- 9 rt
 * r-
d

 
O

 
H

 

p
. 

CO
 

rr
 

rr
 

ro
 

i-
" 

(B
 

l-l
 

0
0 rt
 

CO
 

ft
 

w
 o
 o p
 

rr
 

CO
 

H
-

P
 

CO
 

o
 

O
 S
 

rt
 

rr
 

CO
 

C
o 

1
3 

H
 

P
 

H
 

rr
 

to
 t

o
 

S
 

rr
 

0
0 

r1
-

rt
 

O
 

C
u

 
3 

H
- 

O
 

3 
M

l 

O
 

3 
M

 
O

 
C

u
 

p
 

rt
 o

o 
M

 
M

 
to

 
O

 
< 

M
i 

r-
-

rr
 

p
. 

CO
 

P
 

rr
 

O
 

p
. 

i-t
 

O
 

ro
 

p
 

to
 t

o
 

CO
 

|-
i 

p
. 

3 
M

l 
0

0 
O

 
H

 
rr

 
1

3 
o

 

rr
 

to
 

rr
 

3
* 

to
 <!
 

rt
 

S
 o 3 1 N
 ro
 

M
 o rr
 

M
 

to
 

3 CO
 

< ro
 

I-
I CO

 

ro
 

•B
 

CO
 

i-l
 

Co
 

9 rt
 

rr
 

rt
 

M
 

CO
 

rt
 r

t 
l-l

 
CO

 
M

- 
• 

rr
 

ro
 

)-
• 

M
 

M
- 

3 
O

 
3 

rt
 

p
 

C
u

 
O

 

H
- 

rr
 

CO
 

rr
 

co
 

to
 r

t 
3 

O
 

o
 

rr
 

rt
 

P
-

• 
O

 
B

 

c
o

 
rr

 
rt

 
r

r 
o

 
rt

 
rr

 
p

. 
O

 

o 
o 

3 
&

 
(B

 
to

 
rr

 
w

 
CO

 

-8
 

co
 

rr
 

* 
p

. 
rt

 
o

 rr
 

p
. 

3 rr
 

O
 

rr
 

rr
 

p
. 

CO
 

o CO
 

rr
 

rt
 

0
0 O
 

i-
l <̂ to
 

3 a
. 

CO
 

c Q
 

9 P
 

M
 

p
. 

N
 

rt
 

rr
 

rr
 

ro
 

CO
 

p
. 

rr
 

C
 

CO
 

rr
 

P
-

O
 

B
 « P- rr
 

tJ
-

i-t
 ro
 

oo
 

CO
 

H
 

C
u

 

rr
 

O
 

rr
 

3
* ro
 

o o B
 

H
 rr
 

ro
 

M
l 

p
. 

H
 

CO
 

rr
 

M
l 

p
- < rt CO
 

ro
 

o rr
 

p
-

O
 

3 CO
 

O
 

M
l 

P
3 

to
 

r
r 

r-
1 

rt
 

M
 

P
1 

p
. 

CO
 

rr
 

rr
 

rr
 

rt
 

o
> 

o
o

 

o
 o 9 rt
 

rr
 

00
 

rr
 

rr
 

CO
 

rr
 

M
l 

CO
 

r-
1 

i-
" 

t rr
 

rt
 

B
 

Co
 

o
 o B
 

ro
 1

3 rt
 

M
 

p
. 

O
 

C
u

 
V

 

o to
 e CO
 

rt
 

•«
1 

B
rO

 

o 3 
rr

 
0

0 

rr
 

Co
 

CO
 

rr
 

ro
 

rt
 

P
 o cr
 

CO
 

rt
 * < rt C
u

 

CO
 

rr
 

to
 

rr
 

rr
 

p
-

ii
 

C
u

 

1
3 ro

 
H

 
p

- rr
 

ro
 

r-"
 

p
. o B
 

1
3 CO

 
CO

 
CO

 
to

 
0

0 rt
 • 

i-t
 

to
 < p- rr
 

>̂ o l-t
 

1 C
u

 

ro
 

a
* 

*<
3 C
O

 

• a P- ?
r 

CO
 

p
 

>
 

o 
Co

 h
o

 
rr

 
P

-
O

 
3 to

 
p

" o l-l
 rr
 

p
. 

r
t CO

 
O

 
r-

1 

C
 

rr
 

P
-

O
 

3 CO
 

0
0 ro

 
3 ro

 
I-

I Co
 

p
-

P
-

v
j cr

 
ro

 
o o 9 ro

 
CO

 
1

3 
T

J I-
I o 1

3 M
 

p
. 

CO
 

r
t ro
 

>̂ 
p

. 
CO

 

to
 

9 ro
 

to
 

CO
 

c ii
 

rt
 

O
 

M
l 

rr
 

rr
 

rt
 

i-
l 

CO
 

rr
 

rt
 o M
l 

O
 rr
 

2 P
 

0
0 rt
 o M
l 

i-t
 ro
 

< o p
" c rr
 

P
-

O
 

P
 

w
 r
r 

v
< •e

 
• IT

1 

to
 

P
 

C
u

 
0

0 ii
 

to
 

rr
 

p
-

O
 

P
 

to
 

P
1 o i-l
 rr
 

p
-

rr
 

CO
 

o !-•
 

c rr
 

p
-

O
 

P
 

CO
 

w
 CO

 
p

i 
p

-

C
 

en
 

p
-

P
 

M
l 

0
0 

V
 to

 P
 

eu
 

9 o CO
 

r
t 

i-t
 ro
 

o ro
 

P
 

rr
 

r-
1 •--'
 

rr
 

•«
-"

 o • •f
l 

o l-
l 

rr
 

p
- • W
 

rt
 1 

rr
 

rr
 

ro
 5 

CO
 

rr
 

co
 

P
 

C
U

 
to

 
H

 
C

u
 

B
 

o C
U

 
rt

 
p

i s *• rr
 

CO
 

< rt to
 

i—
• 

CO
 

o rr
 

ro
 

ro
 

3 

3 O
 

3 0
0 l-t
 

to
 < P- rr
 

CO
 

rr
 

P
-

O
 

3 CO
 

P
1 

rt
 

M
l 

M
l 

rt
 

o
 

rr
 

CO
 

w
 rr
 

c rr
 

00
 

p
-

S
 o ro
 

to
 rr
 

o c r
t 

i—
• 

\o
 

~
J 

0
0 

to
 

3 C
 9 c
r 

rt
 

H
 

O
 

M
i 

B
 o B
 

0
0 H
 

Co
 

<!
 

P
-

rr
 

CO
 

1 

1
3 M
 

rt
 

C
u

 
P

-
o

 
r

t 
P

-
O

 
B

 
CO

 

M
i 

O
 

M
 

rr
 

rr
 

rt
 

H
 ro
 

rr
 

C
 

ii
 

3 CO
 

O
 

M
l 

•O
 

rt
 

H
 

p
. o C
u

 
p

. o o o 

*-
3 

P
-

^
-B

 
0

1
3 

P
- 

O
 

Co
 

ii
 

O
 

rr
 

O
 

to
 

r
r 

3 
p

. 
rr

 
3 P

- 
O

 
1 

O
 

N
 

B
 

P
- 

r
t 

3 
H

 
3 

P
-

ro
 

rr
 

n
 

c rr
 

^
-N

O
 

H
C

J 
H

 

ro
 

> CO
 

rr
 

ii
 

O
 

B
 

O
 B
 

p
-

o
 

Co
 

p
* 

C
-l o c H
 

3 CO
 

p
-

C
 

O
 

rr
 

1
3 

1
° 

3 
rr

 

en
 r

r 
p

. 
P

* 
CO

 
V

O
 

-
J 

« 
•—

 
o

 
•^

 
ii

 

• 
re

 
V

 

H
 

c
r 

3
* 

ro
 

ro
 

o
o

 
p

-
C

u
 

3 
to

 
B

 
9 

*<
 

H
-

ro
 

r
t 

en
 

M
 

O
 

C
 

rr
 

P
-

3 ro
 

»-
• 

^ CO
 

i-
1 

p
" o « M
l 

O
 

M
 

3 
3

*
0

0 
CO

 
co

 
«3

 
p

. 
3 

rr
 

o 
rr

 
rr

 

rr
 

•"
-!

 
P

-
rt

 
CO

 
rr

 
CO

 
Co

 
r

t 
M

 
C

 
ii

 
C

u
 

P
-«

-<
j 

< ro
 o

 
C

U
 

M
l 

* rr
 

rr
 

O
 

1—
• 

v
O

 

o
 

rr
 

O
 

p
-

p
- 

O
 

p
- 

P
 

Co
 

to
 

r
r 

P
I 

O
 

M
 

"p
 

Co
 

to
 

rr
 

H
 

P
- 

CO
 

O
 

B
 

P
 

rt
 

r
t 

« 
rt

 
p

- 
n

 
rr

 
oo

 

rr
 

(B
 

C
O

 
H

 

n>
 r

t 
rr

 
CO

 
C

O
 

P
 

rr
 

p
. 

p
. 

L
O

 

• 

> 
t3

 
P

< 
C

O
 

rr
 

a 
r

r 
t-

i 
O

 
H

 
C

 
C

O
 

oo
 

rr
 

r
t 

P
* 

rt
 

3 Ca
 

t-
i.

 

o ii
 

p
-

rr
 

P
 

p
"

-S
 

to
 

p
" 

M
 

rr
 

~J
O

O
 

rr
 

*
- 

rt
 

O
 

w
 o • W
 • i-

d
 

n o I P CO
 

rr
 

Co
 

00
 

CO
 

p
" 

CO
 

o 

3 
co

 
rt

 r
o

 
ii

 
CO

 
T

J 
p

- 
C

 
p

- 
r

r 
V<

< 
p

4 
p

-
P

- 
CO

 

3 
rr

 
ro

 
to

 
C

u
 

CO
 

O
" 

ro
 «

<
 

ii
 

P
- 

B
 

ro
 

v
< 

CO
 

C
O

 

ro
 

O
 

P
" 

M
i 

M
i 

«•
 

T
J (B

 
M

l 
C

T
1

3 
H

 

ro
 

ro
 

3 to
 < rt H
 

ro
 

^ 
s 

rt
 r

o
 

ii
 

.O
 

co
 

C
 

ro
 

P
- 

3 
3 

rr
 

P
1 

rr
 

»-
j 

rr
 

ro
 

p
. 

3 

O
 

M
l 

rr
 

B
* 

rt
 

to
 < CO
 

p
-

p
-

P
 

D
* 

P
1 

rt
 

CO
 

o p
-

C
 

rr
 

p
-

O
 

3 CO
 

M
l 

o ii
 

3 O
 

B
 

0
0 H
 

to
 < p- r

t 
to

 1 

3 
0

0 
rr

 
rr

 
to

 
C

 
rt

 
r

r 
O

 
ii

 

o 
B

 
to

 
ro

 
p

i 
rt

 
r

t 
fB

 
ro

 
n

 
o

 
B

 
C

 
Co

 
r

t 
e 

CO
 

p
i 

H
 

C
 

O
 

o 
to

 
rr

 
r

r 
p

-
ro

 
P

* 
p

- 
sg

 
P

 
Co

 
p

- 
Co

 
o

 
ii

 
rt

 
co

 
3 

0
0 

M
I 

oo
 r

o 
3 

n 
n 

r
t 

O
 

to
 

1 

rr
 

rr
 

<i
 

i 
Co

 
p

. 
to

 
ft

 
H

i
t 

H
 

to
 t

o 
0 

Jg
 

ri
 

rr
 

O
 

Co
 

0
0 

p
* 

co
 

rr
 

ro
 

O
 

r
t 

rt
 

M
 

3 
ii

 
to

 
0

0 
n
 

r-
4  

^ 
P

- 
3

* 
> 

CO
 

to
 

O
 

C
! 

3 
n

 
rr

 
o

" 
rt

 
r

r 
•

>  
P

- 
< 

rt
 

rr
 

ro
 

> 
3 

T
J 

c
3 

co
 

H
 

» 
O

 
P

-
p

.  
P

" 
3 

B
 

r
t 

C
 

o
 

p
1  

r
t 

rr
 

B
 

cu
 p

i 
co

 c
o 

o
 

p
- 

yo
 

n>
 

M
 

co
 

~
j 

r?
 

9 
ro

 
rr

 
H

- 
p

 
c 

p
 

N
->

 
0 

O
 

<
! 

3 
P

- 
p

* 
O

 
O

 
co

 
3 

p
" 

rt
 

r
r  

P
 

9 
co

 
. 

o
 

- 
O

 
rr

 
*|

 
H

 
p

- 
p

- 
«3

 
ro

 
P

" 
C

O
 

P
 

p
 

ro
 p

-o
o 

co
 

n 
P

 
P

 
rr

 
r>

 
rr

 
M

i 
T

J 

rr
 

rt
 

rr
 

p-
 p

-
p

 
ro

 
rr

 
C

u
 

p
 

O
 

rr
 

O
 

ll 
«S

 
C

 
P

-
f

t 
O

f
t 

• 
rr

 
ft

 
H

-
O

 
h

-
r-

 
9 

ft
 

W
 

rr
 

• 
II 

ro
 

N
> 

< 
H

 
• 

f
-

r
r

p
 

O
 

rt
 

^ 
p

. 
» 

B
 

C
u

 
p

- 
ro

 
rr

 
T

J 
B

 
rr

 
< 

rt
 

C
u

«<
< 

ro
 

«!
 

rr
 

p 
eu

 r
o 

p 
ro

 
T

J 
o 

rr
 

ii
 

o
 

c
r 

H
 

ro
 

H
 «̂

 r
o 

h
i 

i-
i 

p
. 

to
 

- 
P

- 
N

 
>

• 
CO

 

3 
II 

O
 

C
u

 
M

l 
rt

 
U

l 

B
 

• 
o 

o 
n 

ra
 

vo
 

rr
 

P
 

• 
ro

o 
i*>

 
rr

 
rt

 
r

t 
• 

c
c

P
H

'
t

) 
rt

 
»<

) 
O

 
rt

 
P

- 
P

 
P

1  
H

 
H

O
 

co
 

rr
 

o
 

M
I 

» 
ro

 
o

 
P

 
p

i 
B

 
O

 
CO

 
C

 
g

 
M

l 
h

t 
rr

 
X

 
rt

 
O

 

it
 

ft
 

O
 

ft
 

B
 

CO
 

C
 

M
l 

O
 

p
. 

» 
p

. 
rr

 T
J 

re
 

o 
T

J 
M

 
o

 
ro

 
to

 
rt

 
B

 
p

" 
r

r 
co

 
o

 
i<

j 
CO

 
P

- 
M

l 
CO

 
o

 
to

 
O

 
ft

) 
v

i  
T

J 
ii

 
T

J 
O

 
O

 
CO

 
CO

 
M

l 
O

 
H

 
rt

 
3 

rt
 

< 
to

 
oo

 
3 

rt
 

B
 

rr
 

rr
 

ii
 

g
 

p
. 

i-
i 

p
j 

o
 

r*
 

•*
> 

h
->

 
0 

C
 

P
-

rt
 

O
 

O
 

W
 

B
 

O
 

O
 

• 
rr

 
3 

9 
M

i 
rt

 
O

 
p

- 
rr

 
> 

M
i 

M
 

CO
 

T
J 

9 
T

J 
to

 
p

. 
co

 
p

i 
3 

e 
P

-
O

 
0

0 
0

0 
O

 
o

 
o

o
 

to
 

9 
rr

 
rt

 
rr

 

rt
 

rr
 

co
 

p
. 

r
t 

ro
 

rr
 

O
 

O
 

S
 

«
! 

P
 

M
i 

B
 

r
t 

p
 

C
u

 
co

 
rr

 
o

 
p

. 
rt

 
C

 
0

0 
9 

O
 

it
 

ft
 

A
 

0
0 

M
l 

<J
 

Ii
 

00
 

rt
 

^
^ 

r
t 

o
 

3 
ii

 
O

 
O

 
s-

^ 
to

 
0 

< 
O

 
B

 
rt

 
rt

 
co

 
» 

r
t 

-j
 

p
 

e 
p

. 
P

 
p

. 
CO

 
0

0 
r

t 
ii

 
r

t 
ro

 
0

0 

p.
«-

<!
 

rr
 

9 
ro

 
O

 
g

 
CO

 
3 

P
- 

3
* 

ro
 

rr
 

o 
rt

 
ro

 
cu

 r
o 

P
i 

P
 

cu
 

p
. 

co
 

p
. 

3 

co
 

o 
eu

 r
r 

rr
 

p
 

o
 

v
< 

p
 

H
 

ra
 

3 
3 

rt
 

B
 

p
- 

ts
 

o
 

rr
 

p
i 

• 
rt

 
9 

M
 

I-
-

co
 e

 
p

. 
ro

 
o

 
o

 
ii

 

rr
 

ii
 

rt
 

S
O

 
C

U
 

p
.

. 
II 

n
 

to
 n

>
 r

r 
• 

CO
 

0
0 

CO
 

II 
O

 
rt

 
C

O
B

 
*

• 
r

t 
• 

>
. 

p
. 

c
* 

C
O

 
H

 
» 

p
* 

*
" 

P
" 

h
O

 

f2
 *

-<
 •

 
3 e

u
 

r
t 

p
 

rr
 

P
 

a
" 

to
 

c
u

 
ro

 
rr

 
v

< 
rr

 

o 
o 

rr
 

3 
M

I 
ro

 
C

u
 

P
 

3 
rr

 
3 

O
 

p
* 

H
 

p
 

P
. 

0 
r

t 
B

 
P

 
< 

P
* 

cu
 r

o 
p-

P
- 

H
 

N
 

CD
 

CO
 

P
-

ft
 

rt
 

3 
p

 
1 

0
0 

B
 

en
 

O
 

J
3 

O
 

rt
 

C
 

O
 

P
 

B
 

r
t 

H
 

co
 

S
T

 
rt

 
rr

 
ro

 
p

 
M

 
p

i 
3 

rt
 

p
 

r
t 

< 
p

-
co

 
n

 

o
o

 *~
\ 

ii
 ^̂

 
II o *~

\ 
ii

 ^̂
 

h
i 

O
 \^

 | B 
i—

i 

P
i + /~
* 

ii
 *̂^

 
H

 
O

 ^̂
 

3 
k

.
^ 

1 rr
 

V
 *~

\ 
S

3 

O
J 

ra
 

O
 MARSE w
 

z 

https://doi.org/10.1017/S0252921100084025 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100084025


NONGRAVITATIONAL FORCES ON COMETS 347 

ence the comet's motion. The apparent absence (or near absence) of non-
gravitational forces acting on P/Crommelin over an interval of more than 
a century is surprising in view of this comet's rather small perihelion 
distance and known large brightness surge near perihelion. Computations 
by Kamienski (1959) indicated that P/Wolf did experience a secular de-

TABLE I. SUMMARY OF NONGRAVITATIONAL INVESTIGATIONS 

Comet q P N Interval A. A„ Comp. 

1 
Crommelin 
Arend-Rigaux a 
Tempel 1 
Tsuchinshan 1 
Neujmin 1 a 
Reinmuth 2 
Neujmin 3 
Holmes o 
Wolf 
Oterma 
Smirnova-Cher. 
Schwass.-W. 1 o 

2. Stable 
Encke 
Halley 
Tempel-Tuttle 
Gr igg-Sk j e11erup 
Tuttie 
Finlay 
Olbers 
Wirtanen 
d'Arrest 
Churyumov-G. 
Borrelly 
Wolf-Harrington 
Stephan-Oterma 
Daniel 
Tsuchinshan 2 
Arend 
Brooks 2 s 
Reinmuth 1 
Schwass.-W. 2 
Johnson 
Kearns-Kwee 
Ashbrook-Jackson 
Gunn 
Whipple 

. No-
0.7 
1.4 
1.5 
1.5 
1.5 
1.9 
2.0 
2.2 
2.5 
3.4 
3.6 
5.4 

or d 
0.3 
0.6 
1.0 
1.0 
1.0 
1.1 
1.2 
1.3 
1.3 
1.3 
1.3 
1.6 
1.6 
1.7 
1.8 
1.8 
1.8 
2.0 
2.1 
2.2 
2.2 
2.3 
2.5 
2.5 

-nongravitational effects 
28 
7 
6 
7 
18 
7 
9 
7 
8 
8 
9 
15 

5 
5 
7 
3 
5 
6 
3 
6 
13 
3 
3 
5 

1873-1984 
1951-1978 
1967-1983 
1965-1978 
1913-1966 
1947-1967 
1929-1972 
1964-1980 
1925-1967 
1942-1962 
1967-1983 
1902-1983 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

ecreasing nongravitational 
3 
76 
33 
5 
14 
7 
70 
6 
6 
7 
7 
7 
38 
7 
7 
8 
7 
8 
6 
7 
9 
7 
7 
7 

53 
30 
4 
14 
10 
10 
3 
5 
14 
3 
10 
6 
3 
6 
3 
5 
12 
7 
9 
6 
3 
5 
4 
7 

1967-1980 
1835-1982 
1865-1965 
1952-1972 
1939-1980 
1960-1974 
1815-1956 
1948-1975 
1963-1977 
1969-1982 
1932-1975 
1951-1978 
1867-1981 
1937-1964 
1965-1978 
1951-1976 
1946-1961 
1928-1973 
1956-1981 
1956-1977 
1963-1982 
1948-1979 
1954-1982 
1947-1978 

-0.1 
+0.1 
0.0 
0.0 
+0.1 
+0.3 
+0.2 
+0.5 
+0.6 
0.0 
+0.1 
+0.2 
+0.2 
+1.1 
-1.2 
+0.1 
+1.1 
+0.2 
+2.0 
+0.8 
0.0 
0.0 
+2.4 
+0.6 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

effects 
-0.004 
+0.015 
+0.009 
-0.001 
+0.013 
+0.020 
+0.065 
-0.087 
+0.120 
+0.012 
-0.038 
-0.049 
-0.003 
+0.078 
-0.004 
-0.029 
-0.191 
-0.028 
-0.174 
-0.027 
-0.404 
-0.012 
+0.613 
-0.044 

L,M,Y 
M 
M 
L,S 
M 
M 
M 
M 
P,Y 
M 
N 
M 

M 
L,Y 
Y 
M,S 
Y 
Y 
Y 
M 
M,Y 
M 
Y 
N,S 
Y 
M 
L 
M 
M 
M 
F.M.N 
N 
F 
F 
M 
M 
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3. Slightly increasing nongravitational effects 
Honda-Mrkos-P. 0.6 1969-1980 +0.1 -0.046 M 
Giacobini-Zinner 1.0 7 11 1965-1978 -0.2 -0.046 
Schaumasse 1.2 8 6 1944-1960 +0.4 -0.041 
Pons-Winnecke 1.3 6 19 1951-1976 0.0 +0.002 
Tempel 2 1.4 5 17 1956-1978 +0.1 +0.002 
Kopff 1.6 6 12 1958-1977 +0.3 -0.084 
Faye 1.6 7 17 1954-1977 +0.1 -0.003 
Comas Sola 1.9 9 7 1960-1979 +0.8 -0.093 

M 
M 
M 
Y 
L,M,N 
F,M 

4. Significantly increasing or wild nongravitational effects 
Brorsen d 0.6 5 5 1868-1879 +1.3 +0.134 L,M 
Pons-Brooks op 0.8 71 3 1812-1954 -0.1 -0.027 Y 
Biela ds 0.9 7 6 1832-1852 +1.2 -0.094 L,M 
Tuttle-G.-K. o 1.1 6 6 1951-1973 +0.7 +0.022 M 
Tempel-Swift d 1.2 6 4 1869-1908 +0.1 -0.113 M 
Perrine-Mrkos d 1.3 7 5 1896-1955 -0.1 -0.060 M 
Forbes 1.5 6 6 1961-1980 +0.5 -0.078 M 

5. Generally unstudied comets of more than two apparitions 
Swift-Gehrels 1.4 9 3 
Jackson-Neujmin 1.4 8 3 
Clark 1.6 6 3 
Harrington 1.6 7 3 
de Vico-Swift 1.6 6 3 
du Toit-N.-D. 1.7 6 3 
Harrington-Abell 1.8 8 5 
Vaisala 1 1.8 11 5 
Taylor s 2.0 7 3 
Shajn-Schaldach 2.2 7 3 
Van Biesbroeck 2.4 12 3 
Slaughter-B. 2.5 12 3 

(1889-1982) 
(1936-1978) 
(1973-1984) 
(1953-1980) 
(1844-1965) 
(1941-1983) 
(1955-1984) 
(1939-1982) 
(1915-1984) 
(1949-1978) 
(1954-1979) 
(1958-1981) 

6. Two-apparition comets, possible nongravitational effects 
Brorsen-M. p 0.5 72 2 (1847-1919) 
Denning-F. 0.8 9 2 (1889-1978) 
Schwass.-W. 3 0.9 5 2 (1930-1979) 
Gale dp 1.2 11 2 (1927-1938) 
du Toit-H. s 1.2 5 2 (1945-1982) 
Westphal dp 1.3 62 2 (1852-1913) 
Neujmin 2 d 1.3 5 2 (1916-1927) 
Peters-Hartley 1.6 8 2 (1846-1982) 

The columns q, P and N give the perihelion distance 
(in AU), period (in yr) and number of apparitions. A. and 
A„ are representative values, valid for the Interval shown. 
The column Comp. shows the orbit computers: F = G. Forti, 
L = W. Landgraf, M = B. G. Marsden, N = S. Nakano, P = E. I. 
Kazimirchak-Polonskaya, S = G. Sitarski, Y = D. K. Yeomans. 
The notes preceding the column q are: a = asteroidal, d = 
disappeared, o = outbursts, p = poor fit, s = split. 
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but to assume a constant secular variation in mean motion roughly 
supposes that F„ is proportional to 1/r. 

4. NEW DEVELOPMENTS 

In recent years several groups (e.g., Weissman and Kieffer 1981) 
have attempted to model the distribution of temperature over a cometary 
nucleus, and Rickman and Froeschle (1982) have used such a thermal model 
to examine the variation of the nongravitational force with heliocentric 
distance in the case of P/Halley. They have found the "standard model" 
to be lacking in the sense that the reaction of the comet to variations 
in surface temperature can cause the parameters A. and A-, which we 
have taken to be constant (or at least not to have any short-term 
variations), to vary by perhaps as much as a factor of 100 as r 
ranges from 0.6 to 4.0 AU! The actual variation—in fact, whether Aj 
and A. are increasing or decreasing over this range—is very dependent 
on the comet's thermal inertia, but it would seem-that, near the sun, 
Aj is essentially constant and A„ varies as r , with the result that 
F is then constant. Beyond some transition distance the nongravita
tional force would diminish much more rapidly with distance than given 
in the Delsemme formula. There is also some asymmetry with respect to 
perihelion. Landgraf (1984) has very recently applied the Rickman-
Froeschle model in an exhaustive examination of the orbit of P/Halley 
over 1607-1984, solutions being made over a range of a factor of eight 
in thermal inertia and a factor of five in the comet's rotation period. 
In addition to considering the thermally induced effect, he assumed the 
presence of a factor 1 - Bt in both F1 and F-. The mean residuals 
of the observations from his various computations are identical, and he 
in fact obtained a result with precisely the same mean residual when he 
applied the "standard model" (modified again with the factor 1 - Bt) to 
the same data. The spread of the values he obtained for A. and B 
according to the Rickman-Froeschle model is not large and essentially 
encompasses the values given by the standard model. On the other hand, 
his various Rickman-Froeschl£ values for A- differ by up to a factor 
of six, and the smallest value is 70 times greater than the A_ given 
by the standard model! 

Since A- (or the corresponding secular variation of the mean 
motion) is the basic quantity appearing in all studies of cometary non-
gravitational motion, it might appear that some drastic rethinking is 
necessary. More experimentation with the nongravitational forces asso
ciated with various thermal models is clearly very desirable, but in 
spite of the current interest in P/Halley and in the need for accurate 
predictions to ensure the success of the space missions in 1986, we 
should not delude ourselves into thinking that we shall be able to come 
up with the model that will give an extremely accurate prediction. 
The success of the probe will still be governed by the accuracy of the 
astrometric observations made just before encounter. If the function 
g(r) is systematically deficient in the way a comet nucleus actually 
reacts to the ejection of material, it would be appropriate to abandon 
it in favor of something else. That something else would presumably be 
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different for F and F , and there might be dependence on f as well 
as on r. If a satisfactory, not overly complicated, continuous func
tion, applicable to all comets, cannot be produced, however, the "stan
dard model" will continue to be useful in predicting the orbits of 
comets and in allowing some kind of comparison to be made between the 
characteristics of one comet and another. 
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DISCUSSION 

Weissman: We have just modeled P/Halley using Sekanina's new rotation 
rotation pole and 41.5-hr period, and we find that the temperature 
distribution is so symmetrical that it is difficult to believe 
there could be any transverse nongravitational force. Thus, if we 
assume any physically reasonable surface material, we have trouble 
believing the long rotation period. We would prefer the 10.3-hr or 
14-hr periods that have been suggested. 

Marsden: In view of the discouragingly large range of parameters 
suggested by Rickman and Froeschle and considered by Landgraf, it 
is nice to know that there are perhaps a few constraints on the 
situation. Unfortunately, the recent photometric data do not seem 
to give an unambiguous value for the rotation period, and I am 
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inclined to agree with R. M. West that the light curve is being 
significantly affected by the comet's intrinsic activity, even at 
its present great distance. 
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