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UNIVERSITY OF CALIFORNIA
DEAN OF THE GRADUATE SCHOOL Asn;:,?fo"“'
RY

BERKELEY

April 7, 1914.

To the Sub-Committee in Charge of the
Candidacy of Daniel Walter Morehouse for
the Degree of Doctor of Philosophy:

Gentlemen:

Herewlth, please find the dissertation
of Mr. Morehouse "On the Orbit of the Seventh
Satellite of Jupiterji. While the work has not
been carried through,the point originally con-
templated, Mr. Morehouse has done a very large
amount of ingenious work. He has met with une
foreseen difficulties in the way of short period
perturvations, but is now entirely on the right
track for the ultimate solution of this difficult
problem, The thesis forms a very acceptable
record of the investigation necessary to over-
come the initial difficulties. For publication,
it should be condensed to about one-half its
size,

The dissertation in itself does not
reveal the enormous amount of work done by Mr,
Morehouse, who has had two computers at his own
expense for the past two years. I have no
hegitation in approving the thesis on my part.

Very truly yours,

G
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ON THE ORBIT OF THE SEVENTH SATELLITE OF JUPITER.
* * *

At the time this discussion was started there had been computed
three orbits known to the writer. The first was computed by
85 Cs De Per;ine at the Lick Observatéry and published in the [icek
Observatory Bélletin, No. 78. The second was by Dr. F. B. Ross and
published in thebLick Observatory Bulletin, No. 82, This orbit was
afterward recomputed on the basis of twelve observations, distributed
uniformly over the observed arc from January %rd, 1905, to Sebtember
25%h, 1906, and was published in Astronomische Nachrichten Bqnd 174 Nre 2k

4175 The third was computed by Dr. R. T. CranfordAat the Student's

Observatory of the University of California, according to "Leuschner's

e

General Theory of Satellite Orbits,™ which is published in volume %Lof
thé12zff_9ffi:zgigzlj;;;::::;;::§~and in Theoretische Astronomie von
Lre Mo Klinkerfuse, JQubcarbciiung, von Profe Dre He Buchholz. Avhang
zu den Leuschner'schen Hethoden der Bahnbestimmung,
, g il

The fundamental positions upon which this orbit is based are as

follows: '
Mean Place 1905.0

Date 1905 P. S. T. Re A Dec. ) Dot =
Jan. 13  7he 12w, (% 1h. 16m. 23, 68s. #7%"130 57¥2
Feb. 8 ‘4 10 0 1 34 40.59 8 D5 160
fhetr g R g TN FRTRLT BT IR T Y0 35 490

With the velocities and accelerations in right ascension and
declination computed for the middle date from these positions, the

right ascensions and declinations for January 28.623611 and February

21.642%€1 G. M. T. 1905 nefe computed to see if the higher derivatives
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mere negligible. The residuals showed that they were not negligible and
that more observations must be taken into account, so that the third
and fourth derivatives in the two coordinates with respect to the time

could be utilized. Two more observations were therefore chosen:

Mean Place 1905.0

Date 1905 = P. S. T. R. A. juskes Dec.
Jan. 28 6h. 58m. Os. 1h. 27m. 44.32s. +8° 18' 1017
Feb. 21 7 25 0 1 44 2.98 9 43 51.6

With these five observations new velocities and accelerations for
the middle date were determined and a double solution for the orbit
acéomplished. A representation.-of an observation taken August 9, 1903,
showed clearly that the retrograde orbit was not the true one and the
direct orbit was therefore retained as the physical solution.

After the Special Perturbations(I)had been computed by Lncke's
Method, with eight day intervals over this period and the corresponding
corrections to the satellites' coordinates made, the representations of
the fundamental positions gave residuals corresponding to:orbit Ig
(Crawford):

Jan. '3 - Jan. 28 Feb. 21 ‘March 6
(0-C) Aa - 9M6 =203 +2M¢ + 1"
Ad +23.9 -0.4 -0.¢€ -11.3

A differential correction was then made using the series formulae for

f, g, 8f, and 8g, which gave for the first differentially corrected orbit

the following elements:’
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ORBIT Ip BASED ON PERTURBATIONS I.

Bpoch 1905, 'Feb. 8.€00930 G. M. T.
M, 2839 004! 419
Q 288 . .19 H9l4 Mean LCguinox
dof. 254854187 29 41.4 ‘and
9 e 115 49 40.8 Equator
B 25 39 23.5 -1505.0
log e 2.084¢€45
'log a 8.89371¢6
K 1.390269 per day.
P 258.9424 days.

The residuals for January 3rd. and March €th, 1905, were then

reduced to:

Jan 3. March 6.
(0-C) Ax =385 -114
AB +508 : _102

The Special Perturbations on the basis of these osculating elements
were then continued at eight day intervals up to August 9th, 1905. The
representation of the 'satellite's position for August 9.9¢ G. M. T. 1905
gave the following residuals:

(0-C) Ap=+124; As=+717
the original observations having been taken in position angle and
distance.

It was'at this point that the writer took up the problem of
correcting the orbit.: .I now had reliable observations of the
satellite in right ascension and declination for 1905 published in the

Lick Observatory Bulletin, No. 156, In order to be sure that the
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residuals obtained by Dr. Crawford were not spurious, I represented

some August positions using his orbit Ip, the perturbations I, which he
had computed, being included, and obtained the fbllowing residuals:
41905°G. M. T. |

Aug. €.954824 Aug. 7.9€2500 Aug. 9.9€2500 Aug. 11.978125

(0-g)dac =77 508 -€' 5911 0 -€'s1M4 g3
CAK crogragne -0' 1805 01479 0" gné
Aug. 12.989583
(0-C) -6 3200
0t 72

These res;duals do-not seem consistent. I therefore made a
recomputation using 2y second method (b) page 14 for the determination
of the geocentric coordinates of Jupiter, the first met hod (a) having
been used in the above residuals. These are:

1905 G. M. ‘T
Aug. €.954824 ‘Aug. 7.9€2500 Aug. 5.962500 Aug. 11.978125
(0-c)Le "rayiiem =6' 5945 ~6" 5213 -6' 3606
=019 -0" 1813 -0 1489 7 -0' ere
Aug. 12.989583
(0-c) A9 ' -6' 3115
-0 7¥2

In this work the dates were not.cérrected for aberration or the
positions for parallax, it being intended only as a rough check and the
residuals were not used in subsequent computation on the orbit. My plan
was to correct Dr. Crawford's orbit by the appiication of differential
corrections as developed in the "Leuschner's Short Method," using the

Closed Dxpressions for f, g, of, and 88. This method is published in
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Theoretische Astronomie von Lre B Hlincerfues, nesbearbeitung, von
Profe Ire U B;chholz; Zweiindachtzigste Forlesung ab seite 477 635 490,

Under the false impression that I should have a longer arc than the
one included between Jan. 3rd and Aug. 9th, 1995, before attempting a
differential correction I ccntinued the computation of perturbations I
from Aug. 1€ to Dec. 20th, 1305, at eight day intervals, on the basis of
Dr. Crawford's oroitl,+I then represented a series of positions for

December, published in the Lick Qaszervatory Bulletin, Nos 156, as

follows:
1905 G. M. T.

Dec. 2.93%1763 Dec. 3. 922€27  Dec. 4.9096€4

(0-C)  4a -0' 48  -0' 219 -0' oM

A8 +1' 1745 +1' 1516 +1' 1505
Dec. 22.825776¢ Dec. 23.8321921 Dec. 25.3%61805* Dec.Z9.836€111
(0-C) Ax -1' 48M -4% 183 -2' 2115 -3' 310€
8 a1t Zéry +1 2613 +1' 2617 417 3304

It was‘finally decided tosretain Dr. Crawford's first and iiddle
places and introduce as third place a position for August 9.9€2500
G. M. T. 1505, "and make‘ﬁ diffe;ential correction to remove the residuals
of Jan. 3rd and August 9th;' The corrections for aberration aﬁd
parallax weré now applied to the residuals to be removed, on the basis
of ﬁhe Sateliite's distance obtained with the orbit td be corrected, i.e.,
the distance of the satellite from the earth as found by means of Dr.
Crawford's orbit waé used to correct the dates of Jan. 3rd and Aug. 9th

for aberration, and the satellite's mean places for geocentfic parallax.

*3Greenwich observation.
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The f's and g's for these corrected intervals were obtained by means of
Closed DExpressions, using both of the following sets of formulae:

Xt]o = X3it Xodt = JoXs

(a) By~ ; | £:=
XoJo = *oJ0 : XoJo = XiJo
\{2 3 2
(b) f;sl—;- 82= (2ryr - pyZlyf nwhere
0 ,

y=/2a sin ég and 23 = B;-B; and y,,sin g

and g must have the same sign and are negative for dates previous to
the epoch. In the first set of formulaes (a) the x, y, and z's are the
satellite’s rectangular equitorial coordinates referred to Jupiter, and
uncorrected for perturbations.‘ The f's and g's froms these two
forzulae were found to check.

In the solution for the sixteen déff¢rential coefficients I,‘based

on orbit I, the geocentric egquatorial coordinates Eg Mo &b and the

geocentric disyance 0, of the éatellite for‘the middle date are needed,
in addition to the,jovocentrié velocities x', y', and'z'. Consider the
equations: A
£o=0oC08 &y COS Jp; Mp=P, COs &, sin a, and C°=p° sin &,
Since we have an approximate value of p, from our osculating orbit
and since our osculating orbit must pass through the middle observed
position we can obtain £,, n,, and &, from our observed right ascension
and declination and our best value of p,.

This was the mephod used in computing the first differential
correction where Dr. Crawnford's best value of log po=0.730278& was
employed, together with the satellite's observed mean place corrected
for parallax on the basis of the same go. fith these sixteen differential

coefficients (See page 17) and the four residuals expressed in radians
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for Jan. 3rd and Aug. 9th, the following equations were solved by
Gauss¢'s method of elimination:

. 3;0p,+b;8x" +c ;87" +d ;82" ;=n; (i=1, 2, 3, 4)
giving as a correction to the geocentric distance and velocities
log 8p,=7.4€8111n; log dx',=9.47€219n; log 8y',=8.328423n;
log dz',=8.€822€2n. To obtain the corrections to the jovécentric
coordinates of the satellite for the middle date the relations

£ KR y

5x,=2%80, 574==80, 52,2-°3pa

Po ° Po
were used.

These equations gre‘derived by differentiating the relations
(£)+x=p cos & cos qu; (n}+y=p cos 8 sin a; and (C)f?=9 sin 3 with respect
to o considering x, y, anq z as the variables. This.is rigorous if the
geocentric coordinates of Jupiter remain constant. But these remain
constant only if the true middle date corresponding to the new
geocentric distance of the satellite remain unchanged, or in other words,
if the aberration time remain practically constant. An appreciable
change in aberration time would require a small.correction 3(¢), d(n),
and 8(f). We would then have 5x°=§°690+6(5)3 5y°=2°6p015(n); and

°

g A Fag .
52,=-°80,+3(%). These corrections are negligible as will be shown on

%o

page,.  19.

The accuracy ofﬁtpelsolution of the four eguations
ai590+pi§x'°+ciﬁy'°+diﬁz'°=ni(ifl, 2, 3, 4)

was tested by substituting the computed values of the‘unknowhs in the

equations and proving them identities. These six corrected constants

and the corrected jeocentric distance gave
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ORBIT II BASED ON PERTURBATIONS I.

Bpoch 1905 Peb. 8.€00947 G. M. T.
W Rl KRR o)
Q 291 35 42.1 Mean Bquinox
W 177 41 31.5 and
T 109 21 1%.6 Equato;
i 2¢ wr* Va6 1] 1905.0.
e 0.195772
log a 8.837738
log u 0.1370€7 per day
P 2€2. 56437 days.

Constants for the Equator 1905.0
x=r(9.360048) sin (201° 33' 53¥5 + v).
y=r(9.9941€€) sin (107 18 38.2 + v).
z=r(9.644531) sin (177 41 '31.5 + v).

The residuals obtained from this orbit are:

‘'dan. 3. © Bug. 9.

(0-C) Aa +1' 2M -1t 3118
AS 40" 1414 +0! 3113

Three of these residuals are larger than those to be removed, viz.,
the Aa and AS for ‘January 3rd, and the A5 for August 9th. When the
residuals to be removed are as large as the Ax for August 9th, the linear
relations are not satisfied and a second solution of the four equations,

1a;80,+bi8x *+ei 8y, +didd)=n; (i=1, 2, 3, 4)
using the same differential ‘coefficients and the remaining residuals,
is generally advantageous. I therefore made a second solution of the

above equations with new values of n; from the above residuals. The
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result is interesting. The elements were changed to:
Bpoch 1905 Feb. 8.€00930 G. M. T.
2%A° 9" 4413

R 2 291 19 18. 6
@ - 197 2 14.7
i 25 Y 47.0
e 0. 178696

log a 8.894601

log u 0.141774 per day
P 299. 7341 days.

The residuals for the same days were:

Jan. 3 Aug. 9.
(0-C) Aa -1' 2214 ' 515
85 . .=0' 1526 0! 11

These residuals have exactly opposite signs to those above and
are less satisfactory for Jan. Zrd. To test orbit II a little further,

I represented Dec. 4 and 29, 1905, with the following residuals:

Dec. 4 Dec. 29
(0-C) Aax -3803% +1'-. 292
A% -1921 +0' 27"

If we compare these residdals for the four dates Jan. 3rd, Aug. 9th,
Dec. 4th, and Dec. 29th, 1905, with the corresponding residuals computed
with Dr. Crawford's orbit, we find that, excepting Jan. 2Zrd and Dec. 4th,
the right ascensions represent much closer and the declinations are
all improved with the exception of Jan. 3rd and Aug. 9th. The tabulation

would be as follows:.
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10

ORBIT I, AND PERTURBATIONS I.
Jan., 3 Aug. 9 ~ Dec. 4 Dec. 29
(0-@) aa -0'" 315 -6' 3114 -0'" 085 -3 310¢€
85 +0' 388 -0' 1479777 #1071509  +10 3314

ORBIT II AND DORTURBATIONS I.

Jan. 3 Aug. 3 Dec. 4~ Dec. 29
(0=-C) Aa +1' “2¥1 -1' 2178 -0 38% ¥1' 25Y%
A5 +C' 1404 " S1ad -0' 19" ¥O! 27¢1

It seems that the orbit Iy has been improved for the longer arc.
New differential coefficients II based on Orbit II were now computed.
The dates Jan. 3rd and August Sth were again corrected for aberration
and the residuals for parallax. The f's and g's were obtained for the'
Closed Dxpressions. The corrections to the geocentric distance dp,
and the velocities S h Oy oy ONY gy bhore log 5p°=7.757éO5;t10é
3x',=9.251133; log 5y'°;9.266393n;“1ogIBZ'°=8.807418. ﬁUsing the relaticns
5x.;§°59, etc., the‘corrections to the jovocentric eguatorial
ooord;nates were: log 5x°=7.694355; log 6y°=7.556159; log 52°=6.928§82;
The elements and residuals resulting from the corresbondinélj
corrected constants are:

ORBIT IIT, EASED ON PEZRTUREBATIONS I AND DIPFERENTIAL

COCFFICIENTS II.

Bpoch 1505 Feb. 8.600915 € M. ¥
¥, 274° @' 44r2
Q 251 34 179 Méan Eqdinox
W 195 30 00.1 and
n 131 A 4 1749 Bquator

2.4 1905.0

-
N>
i
O
N
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11

e . 0.175418

log a 8.895754

log u 0.143043 per day
P 258.97€5 days.

Constants to the Eguator 1305.
x=r(9.9€63541) sin (223° . 4" 10r'8 + v)
7=r(9.9946€89) sin (129 12 43.2 + v)
a=r(9.626095) sin (199 30 00.1 + v)
éesiduals 1905 G.M.T.
Jan 3.605€36  Aug. 9.932841 ' Dec. 4.881934  Dec. 29.806383
(0-C) Aa ~1' 3849 +01 3€r5 +1' 1903 40T 4703
A3 -0' 10.3 =0 8¥y -0' 8% -0 2511
These residuals are of the same order as those to be removed
except that they are opposite in sign, showing a lack’'of convergency.
It was thought worth while, however,. to substitute these last found
residuals in the equations a;dp +bidx}+csdyl+dsdz!=nsi(s=1, 27 3, 4)
and solve oy means of the differential coefficients.IT computed in the
second differential correction. 'This proved quite suceessful, 3iving
the following elements and residuals:
ORBIT IIIb.BASED ON PERTURBATIONS I AND DIFFLRENTIAL
COEFFICISNTS II.

Epoch 19035, Febh.. 8.6009739
M, 293°% 3§’ 0102
Q 291 4 59%.7 ‘Mean Rguinox
@ g it 4.5 and Dguator
L 113 16 4.2 1905.0

. 26h. 11 5l
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e 0.19546€0

log a ©8.89570¢€
log u 0.140115 per day

b

2€0.72830 days.
Constants for the Zguator 1505.0
x=r(5. 960187) sin (205° 24' 1587 + v).
y=r(9.994525) sin (111 17 37.4 + V)e
z=r(5.64212%) sin (182 11 4.5 + v).
Residuals 1905 G.. W. F.
Jan. 3. 605602 . Aug. 5.930170 Aug. €.925025 Aug. 7.932€78
(0-C) Aa +0' 3420 -0"' 48r¢ =0 4506 -0' 45Y€
“Ad -Q'  3r2 +0' €2 +' 7¥5 L
Auj. 8.9%4825 Aug. 9.932772 Aug.11.948€13 Aug. 12.9€00€0
(0-C) Aa « 29T 5683 -0' 220 - =0', 4€r4 -0' H1M
NSO 2ieQENLESdY +0'  9r'4 01285 oo, t0h. 1242
Oct. 29.570933* Dec. .25.3742€9* Dec. 29.83€5€7 Dec. 30.357915*
(0-C) Aa =o' 1949 -1t 8r9. =11 1285 -1 12¥7
AS +0' 404 +0' 4210 +0' 39 +0' 4104
‘This orbit is strikingly like the oné computed by Dr. Ross referred
to on page 1, and the residuals are of the:same order. Those cbtained:
by Ross' orbit for dates around Aug. 9th are:
1905 G. M. T.
Aug. 7.9€250 Aug. 8.96250 . Aug. 9.96250
(0-C)  Ba - =0 481‘0  -0! 5881 -0' 4319

A3 +0' 2210 : +0' 2582 Loud®n 909

*Greenwieh Observations.
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These residuals hgvé been carefully checked and the geocentric
coordinates of Jupiter computed by both methods (a) and (b) given on
pages 14 and 15 . The inconsistency in the Aug. 8 residual will be noted
latgr on. According po Dr. Ross' own statement his elements represent
his fundamental position with the average error of 0J4. An observation
taken Nov. 23rd, 190€, by Dr. Perrine at the Lick Observatory gives
a residual in right ascension (0-C) -3!3, and on Dec. 22nd, 1906, an
observation by Dr., Wolf at Heidelberi represents in right ascension
by (0-C) +10!0 (See Astronomische Nachrichien Bond 174, N*e 4175 )e
An observation on Dec. 14, 1907, made at Greenwich is represented by
the above orbit III, with residuals in right ascension (0-C) =257 and
declination +3!'2,

Dr. Ross calls attention to the fact that on account of the large
perturbations to which the satellite §s subjected, the process of
determining elements is necessarily a slowly converg§ng one, and that
from Jan. 3rd to March €th, 1905, the perturbations were so unusually
large as to render it almost impossible. In view of these statements
it is interesting to note that the ‘above elements were derived by
differentially correcting an orbit originallj obtained over this
identical arc, when the solar perturbations .were included in the direct
solution.

Again it is seen that the residuals in right ascension for Jan. 3rd
and Aug. 9th are opposite.in sign to those remcved and also a little
smaller. This lack>of convergency could be éxpla;ned on the basis of three
assumptions, as was pointed out by Prqf.,%::ﬂ:\Leuschner: (1) Errors of
observations; (2) Some ertor of computation or of handling the method;

(%) Unavoidable inaccuracies in the perturbations, as these are still
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based on Dr. Cramford's initial elements.

In representing the positions the geocentric equatorial
coordinates of Jupiter must be known for the same instant of time
as the computed coordinates of the satellite. This involves a question
in aberration, since Jﬁpiter's distanee is not equal to the satellite's.

In the foregoing work the method of obtaining Jupiter's coordinates
was as follows:

(a) First interpolate from the American Ephemeris, Jupiter's
geocentric distance (p) geocentric apparent right, ascension (a) and
declination (8) for the observed or uncorrected time(t+5t). Reduce
the right ascens;on and declination to the mean equinox for the
beginning of the year including the aberration terms (i, H, h), then

(£)=(p) cos (8) cos (a); (n)=(o) cos (8) sin (a); (Z)=(p) sin (8).
There is a slight»inaccurapy in this.method owing to the fact that
Jupiterfs distance is not equal to tbe satellite's distance and the
aberration time would differ for the two. This would introduce an error
into p.

(b) A more accurate method would be to.correct the observed time
(t+ 8t) by 8t obtained with the satellite's best p. MWith this true or
reduced time. interpolate from the dmericen Ephemsris Jupiter's
beliocentric longitude (A) latitude (B) and distance (r), referred 1o
the mean equinox of date. Then bring the longitude to the beginning
of the year by applying the precession with opposite sign as interpolated
from the dmerican Ephemeris page . 28€.  These heliocentric ecliptic
coordinates (A) and (8) are next converted into heliocentric equatorial
coordinates (a) and (d) .after which (x)=(r) cos (a) cos (8§);

(7)=(r) cos (d) sin (a); {z)=(r) sin (d). Now interpolate the solar
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coordinates X, ¥, and Z from the American Ephensris for the observed

or uncorrected date, then (E)=(x)+X;b(n)=(y)4Y; (C)Q(z)+z, nhence we
obtain the geocentric equatorial coordinates £, 7m, and £ of the satellite
for the reduced déte from the relation (g=(g)+k°+§) etc., where x, is | |

L]

the jovocentrio equatbrial coordinate 6f the satellite for the reduced f
date obtaine& from tﬁe given bsculatingAelementsAuncorrected for
perturbations. We now have the three equations:
o cos & cos a=%; p cos O sin a=n; p sin d=(
where a and 3 are the satellite's mean.place and must be compared with
the observea mean place, i.e., the photographic mean place as published.
‘ (c) As a check on this process, a third method is to obtain

(x), (7), and (2) th; same as in (b), viz., (x)=(r) cos (a) cos (d), etc.,
Bﬁt the Solar coordinateé XesYr,and 21t qre‘interpalated'from the '
Admerican Ephemeris for the reduced time (t), on the basis of the satellite's
distance. Then (Z)=(x)+X,; (m)=(y)+Y,; (Z)=(2)+Z,; and 5=(g)+x;
n=(n)+y; %=(f)+z where x,-y, and‘z are the jovocentric equatofial éoordinates
for the reduced date (t) obtained from the osculating orbit and corrected for
the perturbationé. fe can nom write Py, cos 3, cos x,%E; p, cos &, sin a,=n;
Py sin 8,=% where a2, and 5, are the geocentric right ascension and
declination of the satellite and are to be compared in obtaining the
Qesiduals with the observed épparent right ascension and declination
of the satelliterreduced to the beginning of the year exclusive of the
aberra@ion terms (i, H, h) the geocehtric parallax‘having been applied.

When the residuals for Aug. 9th were recomputed by the two
last methods they were found to check with each other, but to change the
residuals obtained by the first method by less than 02 in right

ascension and 0M1 in declination.
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In all of the foregoing residuals by the different orbits both
methods (a) and (b) of computing Jupiter's geocentric coordinates
were used, and with the Greenwich observations usually all three
methods (a) (b) and (c) were made to check. As a rule the residuals from
the Greenwich obsérvations are consistent with those'derived from the
Lick observations. This would seem to check the observations insofar
as those made at Greenwich are for the samé period as those taken at
the Lick QObservatory. However, as has been noted, the residuals in
right ascension for Aug. 8, 9, and 12 are inconsistent with those for
Aug. 5, €, 7, and 11, Unfortunately there are no Greenwich observations
for this period, and as the errors might be explained by errors of
computation or of handling the methoa, it was decided to investigate
this point.
\ ‘A third differential correction (III) was then started. The
intervals were corrected for aberration with the last found value of
P, and Py viz., log p1=0.681225 and log p,=0.711153, the eboch being
FPeb. 8.6009739, thus giving for the first corrected date for aberration
Jan. 3;605651 and for the third corrected date Aug. 9.93%2822 G. M. T.
1905, The f's and ¢'s were obtained by means of formula (a) page &,
with the values of x, y, 2z, ,,x, 7, and zaobtained from the previous
orbit for the newly. corrected. dates, but not corrected for perturbations
and x, X, %, x;‘y; and z! corrected Byrdx,, 8y, and 8z,, dx'y, 37",
and 5z', resulting from the last differential correction (III). The
value of o, was ﬁqw lég 0,=0.729€€0, wh}ch gave for &,, n, and ¢,
log §°=O.é86210;/log ﬁo=0.528014; and log %,=9.920238.  Log (p) cos y#
0.724249. The jovocentric distance r, of the satellite for ihe

middle date from the previous orbit gave log r =8.876174. The value of 8
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therefore was log cos 8=5.946241. The sixteen differential coefficients
as computed by the formulae on pages 100€ and 1007 in W. Klinkerfueé'
Theorstische A:tron;uie are tabulated in the third column of the
following schedule; the first two columns contain the coefficients

for first and second_differential corrections respectively.

Por the three differential corrections

1st znd’ 3rd
From elements kg I1 111
log'a = = 0.209302 0.228051 0.209361
woa, = 9.630998 9. 645120 9. 603564
woa,; = 8.837517 8.401832n 8.701107n
wolay = 72392481n 7.917857 8.25185¢
I = 8,237435n 8.295849n é.514689n
w b, = 7.605651n © 7.€55845n 7.648449n
W' byt = J657328 7.€8938€ 7.702844
w b, = 6.805137 €.544326 6.887308
noeye = B8.453489 8.446552 8.457053
Woe,. = 7.847013 7.8284€9 7.822172
wioe, = 7.953902 7.840132 7.792554
. e = 7.258555n 7.184887n 7.0884€%n
w &y = 7.537297n 7.603697n 7.634492n
wod, = 7.654382n 7.6€0809n 7. 663015n
.o, = 7.25138 7. 293142 7.2€6201
w4, = 7.701089n 7.71504¢€n %.715180n
Tepa AT 1 111, and III, IV

elements
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#ith the third set of coefficients and the residuals for
Jan. #rd and Aug. 9th scheduled on page:g; reduced tb radians, I solved
the equation§
a;00,+0;0x" 42,87 +4d ;32" ;=n; (=1, 2, 3, 4)
and obtained log §p°=6.941987, log 8x',=7.309435, log 87',=8.591334n
and log 8z',=8.32883¢€.

v

From the relations 3x,=-¢3p, etc., the corrections to the
' - %o :

jovecentric coordinates for the middle date nere: log 3x,=€.838537,
log 8y,=€.540341, and log 8z ,=&.1325€5.
ORBIT IV BASED ON DIFFIZRONTIAL COCFRICIENTS III AND

PERTURBATIONS I.

Bpoch Feb. 8.6009€87
Mo 291° 30' 46r7
Q 231 51  €.€ Mean Bquinox
&) 184 14 23.0 and
T 11¢ 5 ..988.6 Bguator
i 3 25 48 .1 1305.0
e 0. 1950242
log a 8.89€734
log u 0.138573 per day
p ’ 261.€55€25 days.

anstgnts for the Cquator.
x=r(9.961511) sin (208° 14' 5710 + v)
7=r{9.394225) §in (114 5 29.2 + v)
z=r(9.€%8742) sin (184 14 23,0 +vv)
Representation by means of these constanté to the equator and the

three above described methods of obtaining Jupiter's geocentric
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coordinates (see pagel14 ) resulted as follows:

(a) (b) | (e)
Jan. 3 Aug. 9 Jan. 3 Aug. 9 Jan. 5 Aug. 9
(0-C) A« #3093  -1528 +1004  -1506 +1024 =157
a8 +1.4 6.2 +1.4 463 #1,5°  #8ig

The above results check the accuracy of Jupiter's geoéentric
coordinates for the first and third dates. I have continued to use the
relations 8x°¥§°6p° ,etc;, to correct the satellite's jovécentric
coordinates forothe ziddle date, while the rigorous equation would be
5x°=§°699+5(§). I therefore recomputed the true geocentric coordinates
of Ju;iter by m7 method (b) page 14 for the observed middle date
corrected for aberration on the basis of this‘lastﬂcorrected.p,,to see
if they had changed or if 8(Z), 3(n) and 8(%) were negligible. These
values together with those previously used from Dr. Crawford's
work are:

New Values.
log (£)=0.681180; log .(n)=0.322423; log (£)=9.905184

Crawford's Values.

lo

(1N

(£)=0.681177; log (n) 0.322421; log (C)=9.905183

The changes in these walues are so Siighﬁ that there can be no
question about the accurécyvof‘the simpler form of the formulae.

As a further check I uséd the x, 7, and 2z of the jovicéntric
coordinétes of the satellite for the miadle date as obtained by Orbit IV
aﬁd‘Pefturbations I and these new values of Jupiter’s geocentric
coordinates for the saze insﬂant in the equations

(£)+x=0 cos 5 cos a; (n)+y=0 cos & sin a; and (f)+z=p sin &

and solved for the right ascension and declination of the satellite.
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The results are:

eyt i Dec.
c 23°  40' " Tgug +8° 55" 1805
0 23° 40" 9M5 +8° 55" 1808

This seems to be guite satisfactory.

With this orbit IV, I represented a series of observations using
both the f's and g's and the constants for the eguator in the computation
of the jovocentric coordinates of the satellite and the second method (b)
page 14 for the geocentric coordinates of Jupiter. The following
residuals were obtained:

Jan. 3.605622 Aug. 5.930170 Aug. €.925025 ABAug. 7.932€78
(0-C) b« +0' 104 -0 1217 -0' 1002 =0' 99
Ad: 40! 104 +0' 743 ~ +01.. €85 Qv 16
Aug. 8.935059 Aug. 9.932821 Aug.11.9486€13 Aug.12.9€0€0
(0-C) Aa -0' 20 -0' 15r€ -0 98 ~0' 1424
A% +0' 8¥J +Q' 623 -0' 25 +0' 32
Oct. 29.571277* Dec.25.374184* Dec. 29. 811540 Dec. 50.3375€9*
(0-6) &ax +0' 3€r4 -0'+ 3121 -0' 5508 -0' 5801
A +0 ' 1527 +0te 5285 #0' 4380 +Q' 37

These residuals are still on the basis of the perturbgtions 1
computed with Dr. Crawford's orbit Ip: b, LT _— R gas

The inconsistency in the Aa feriDec.  25th;, I have tried to
remove. A new aberration time was determined and the jovocentric
coordinates of the satellite were recomputed.. These were used with
the seocentric coordinates of Jupiter obtained by method (e) page 14,
and the computed rijht ascension compared with the observed apparent

place reduced to the beginning of the jyear exclusive of the h, H, 1 terms,
This gaeve for Aa =-31l3.
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It was now decided to recompute the Perturbations II on the basis
of this last orbit (IV) at eight day intervals, retaining Feb. & as the
date of osculafﬁon. The new constants of integration, determined by
the method of Mechanical Quadratqre, are practically the same as those

obtained by Dr. Crawford. His values for the second determination are:

£ 7 T
' + 86 +74 ¥9
ng 94 Wne as ¥95ental stary 406

As computed by the last elements they are:
£3 a0t €D +74 i#9
"f $149 (+11 +94 v +13
The Perturbations(II)themselves are uniformly smaller and as is
shown by the table of integration, are irregular. and slowly converging
for March and April.
When ‘these new perturbations were substituted for the old ones
the residuals were changed to:
Jan. 3.605622 Aug. 5.930170. Aug. €.925025 Aug. 7.932678
(0-C) Aa +0' 1198 /=0" 3014 -0' 274 -0' 27r2
A% +0' 201 +0'  8M'f 0" 717 +C! 709
Aug. 8.235059 Aug. 9.932821 .Bug. 11.948€13 Aug.12.9€0€0
(0-C) Aa -0' 37¥9 . Cas@t53101 -0' 271 -0" 2485
A, +0' 1006 +01 744 o “p¥5 +0' 2¥g
Oct.29.571277* Dec.25.374184* Dec.29.811540 Dec.30.3379€9*
(0-C) Aa +C 93375 A0 V189 3 -0 4700 -0' 50%4

Ad +0' 16M -0' 2547 -0" 2310 -0" 2002

*Greenwich observations.
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These residuals are increased in both coordinates for all but
the October and December observations. It is to be noted that the
Aug. 8th, 9th, and 12th residuals bear about the same ratio to each
other, and to the other August residuals ‘as they have .in all the
representations. The Aug. 9th and August 12th resifluals have been
consistent with each other all the time. It would hardly seem that
the same error-of observation would be made in‘'both positions unless
they were referred to the same fundamental stars whose positions were
in error.

Using the same differential coefficient (III) page 17. .an attempt.
to remove the Jan. 3 Ax (+1178), A3 (+2™1) and Aug. 9 Ax (-3111)
AS (+714) residuals resulted in the following elements:

CRBIT V BASED ON PERTURBATIONS II AND DIFFERENTIAL
COEFFICIENTS III.

Cpoch : 1905, Feb. 8.6£009657
u, | 286° 37" 4305
Qe it © 291 52 10.0
w 188 - 45 +53.0
T 120° 42: 3.0
i 25 30 116.5
e : 0. 191387
log a 8. 896804
log u 0.1384€¢& per day
‘P 261:71888 dayss::

Representation by the f and g formulae gives the residuals:
Jan. 3.€05622: . buge 9.932824
(0-C) A ‘ -Q' 2719 =0' 09
Ad oy érq 0t 117
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A further test of this orbit made, using
x=r(9.5€2224) sin (212° 48' 24r¢ + v)
y=r(9.9?4}40) sin (118 44 42.2 + v)
z=r(9.654057) sin (188 49 53,0 + v)
gave as residuals for . . Tk
ORBIT V AND PERTURBATIONS 11®/
- Jan. 3.€05€622 Jan.28,593554 Feb.21.61033% Mar. €.€619898
(0-C) Aax -0 27¥9 ‘ ~0' 1088 N 6Ré +Q" 138
55 -0' €01 -0 384 010N 40" enq
fug. 5.920099 'Aug. 6.934825 Aug.11.94836€ Aug. 26.93112€
(0-c) Aa +0' 0¥z +0' 10¥0 +0' 787 +0' Si4
A% +0! lfél A ) -0 4Pé +0' 1¥5
Oct. 3.904190 Oct. 29.570933™ Dec.29.8114€8" Dec. 30.337933*
(0-C) Bda  +0' 43%0 +0' 2800 ~0t Z97 -0' 4310
Y ~-0' 4Y6 -0' g2 -0' 182 -0' 154
It is difficult to understand the residual in Aa for Jan. 3rd.
The inconsistencies in the residuals for Aug. &th and 11th as noted above
are also apparent in this orbit. It would therefore seem gquite evident
that they are due to mistakes of observation.
It may be of interest to note that these last elements are not
greatly different from the original elements by Dr. Crawford, except
in the longitude of the node, the eccentricity, and the period. This is
just the condition we might expect with the length of the arc used.
It is more than probable that short period perturbations which
have not been considered in the successive differential corrections
are the cause. It certainly would make a safe check to settle this

point before a more complete differential correction based on normal
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Date

Jan. O
Jan. 4
Jan. 8
Jan. 12
J;n.lé
Jan.26
Jan. 24
Jan. 28
Feb. 1
Teb. 5
Feb. §
Feb. 15
Feb. 17
Feb. 21
Feb. 22
Mar. 1
Mar. 5

Mar. 9

"f
+20564
+16814

+133€1

&
[y
@
e

Ui

+ 2193
+ 3509
+ 6556
+ BE6E

+120€Y

13

-3730

~ 3499

-3108

-2728

-2323

-190¢€ .

-1481
-1052
- €19

- 179

PERTURBATIONS (III) IN X.

+228
+297
+245
+380
+405
+417
+425

+429

+483
+499
+202
+503
+473

-

+410

f'

+10
+15
+18
¥16
+10
- €
-30

-€3

In units of the eighth decimal place.

f"

-21

-13

-10

-13

fll!

+8

b

+9

+4

3

flv
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an. 20

an. 28

eb. 1%

"

+14120

+

1375

v I

e

144¢

+

401¢

+

7973

'f

-4324

-2871

+1551
+2570

+39€3

PERTURBATIONS (I) IN Y (Crawford).

+1453
+1517
+1428

+1277

fl

+324

+22%

+ 64

- 89

-151

- 58

+174

In units of the eighth decimal place.

f“

=37

-1€3

-1323

- 62

B3

+252

+199

fl"

- &€

= 89

I

7€

-172

N
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Date

Jan. 4
Jan. 12
Jan. 20
Jan. 28
' Feb. 5
'Febo 13
|

EFeb.Ql
l

|

Mar., 1

:‘M a I's 9

In units of the

Hf

+2420

+137¢

+ €47

+

277

931

-+

+21€4

't

-1041

732

- 441

+1233

PBRTURBATIONS (I) IN Z (Crawford).

f

+309

+291

+240

+€88

£

+137

+188

+109

eighth decimal piace.
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ot %)

+21

+74

=49

f!"

-130

flV
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DRAKE UNIVERSITY 31

DES MOINES, IOWA.

March twenty-nineth,
D. W, MOREHOUSE O S

Ry dea T ProTY."Leuschner; -

Your telegram and letters of March 19th and 24th recei ved,
also the computations and my first report, Immediately upon re-
ceiving your telegram I set to work to revising my report in accord-
ance with the notations you had made and which I had copied on my dup-
licate report, I have re-computed and checked every residual that
goes into the report, the coordinates of Jupiter have been checked
by both my methods (a) and (b) and for the Greenwich observations by
all three methods (a), (b), and (¢). This has required no little
time I assure you but I feel the work is very much more satisfactory
than when I first presented my report, The thesis goes into the
hands of the typewriter to-morrow morning, I will undoubtedly be
able to send you the finished report not later than Friday or Sat-
urday of this week,

llow as to the continuation of the short period perturbations

I beg to say that I have no other thought than to continue these
throu ghout the remainder of the year and I would not think of rest-
ing for a moment until another differential correction has been made
upon the basis of three good normal places, There is onequestion upon
which I am not certain and would like your advice before proceeding
with the short period perturbations, that is, would you continue
them on the basis of Dr, Crawford's orbit Ig; Ip; or my orbit Iy?
After this has been decided we will need some further conferencecon-
cerning the formation of normal places before proceeding to the dif-
ferential correction, I can assure you that this work will be com-
pleted before you are ready to print the thesis., °~ I have no thought
of stopping the work for sometime to come,

With regard to my being present to receive my Doctor'’s
degree, it was my understanding that it would not be necessary for me to
return to Berkeley but that the degree could be granted in absentia,
However, I beg to say, Dr. Leuschner, that if this is against all of
your rules and practices I will not ask this still further €avor, but
if in your judgment, it will be better for me to come to Berkeley in
May and thus not cauvse you any further trouble over special favors
for me I will be glad to do so. I begin to feel that I have been
one constant exception which has burdened your department and I hasten
to assure you that the degree is worth caming after, Of course, if
it is not necessary, I can ill afford to spend the amount of money nec-
essary to make the trip for the personal satisfaction I would receive
from it, as great as that certainly would be, You understand there
are no rates to the coast at this time of the year, but that will not
stand in my way in the least, Of course I could talk cver the matter
of continuing the work and gain very much by a persohal interview un-
less, perchance, you should be coming East sometime this summer,

Trusting you will receive my report in due time and that you
will find the revisions I have made in accordance with your wishes, I
await your further suggestions,

I may say that I have not received the blanks from the re-
cordér's office that I received last year and I am wondering if it will
be necessary to fill this out,

Yours very truly,

Dean A, O, Leuschner, S
University of California,
Berkeley, California,
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