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Abstract. The nongravitational perturbations in the motion ofears, the Comet Wolf-Harrington belongs to the Jupiter family
the periodic comet Wolf-Harrington are investigated during itsomets. The comet is in a chaotic orbit and approached Jupiter
nine observable apparitionsin the period 1924-1998. To explaivice in 1936 and in 1948 what caused considerable changes
the irregular variations in the nongravitational acceleration, tvio orbital parameters, especially in the perihelion distance and
different models are considered and successfully used to lihle eccentricity. Since 1952 it has been observed at every eighth
all the apparitions: a) Model of nucleus with the activation arméturn to perihelion.

deactivation of discrete outgassing sources on the surface; b)The existence of a nongravitational anomaly in the comet
Forced precession model of the spin axis of the nucleus withrmotion between 1951 and 1965 has been noted by Sitarski
activity described by nonlinear changes of the perihelion sh{t970) and next confirmed by Marsden (1977) by linking ob-
of the gas production curve. servations from four apparitions. To link observations from the

The first model is represented by two slightly different operiod 1951-197[7 Sitarski (1981) assumed a constant secular
bital solutions in which the northern active region is persisteahange of the semi-major axis of the comet’s orbit. The non-
and the initiations and disappearances of two southern regignavitational acceleration over ten returns of the comet to the
are responsible for the observed variability of the nongravit&un, from 1924 to 1985, was investigated by Szutowicz (1987).
tional acceleration. Profiles of the modelled gas production rateappeared that the motion of the comet is affected by variable
are compared with observed light curves of the comet and useshgravitational effects and an essential change of their pat-
for an estimation of the effective outgassing area and the actigrn occured after 1978. The observations from seven comet's
ity level of the cometary nucleus. According to all employedpparitions covering the period 1951-1991 were successfully
models of the nongravitational acceleration similar shifts of thieked assuming a linear precession of the cometary spin axis
maximum of the comet activity with respect to successive pe(bBzutowicz 1992). However, the model seemed to be nonphys-
helion passages over the whole examined interval of the motioal because of extremaly fast rate of precession, especially in
have been detected. the angle related to the longitude of the Sun.

The model parameters describing physical properties of the In the present paper the more detailed analysis of the non-
comet nucleus such as the nucleus orientation, the localizatgravitational acceleration in the motion of comet 43P/Wolf-
and the size of the active regions or the oblateness of the nuclelasrington during its all apparitions is performed. The irregular
are derived from numerical fitting of the models to positionaharacter of the comet’s nongravitational perturbations has been

observations of the comet. explained by changes in a surface distribution of the active areas
(Sect. 4.4) and by a forced precession of the spin axis coupled
Key words: comets: individual: 43P/Wolf-Harrington with nonlinear shifts of the functiog(r) with respect to the

perihelion time (Sect. 4.3). Sect. 6.2 contains estimations of the
effective active area. In Sect. 7 the size of the nucleus radius
on the basis of orbital models and photometric observations is

1. Introduction discussed.

Afaintcomet, discovered photographically a$iah magnitude
object on 1924 December 22 by M. Wolf at Heidelberg, was 09—
served only for about one month. The following three successive
returns of the comet to the Sun were lost for observations. AftEine nongravitational acceleration observed in the motion of pe-
twenty seven years in October 1951 it was again rediscovereatlic comets is due to the momentum transferred to the nucleus
at Mt. Palomar Observatory by R. G. Harrington. The discoveby the anisotropic outgassing. When a comet approaches the Sun
was not immediately suspected as the return of Wolf’s com#éte heating of a nucleus surface by solar radiation causes subli-
The identity of both comets has been proved after the 1957 apation of its icy layers. Nongravitational forces cannot be accu-
parition (WiSniewski 1964). With an orbital period of about 6.3ately predicted by theoretical analysis because of difficulty in

Modelling of the nongravitational acceleration
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modelling such factors as a nonspherical shape of nuclei, surfaten the model was developed and applied to comets with a
topography, distribution of icy areas exposed for vaporizatiostrange behaviour of; (Sekanina 1984, 1985a, 1985b, Sekania
or inhomogeneity of cometary material. & Yeomans 1985). According to the forced precession model,
In the standard model of nongravitational acceleration it ionlinear variations with time of the direction of the spin axis are
assumed that the whole surface of a rapidly rotating and smoo#tused by changes in the reactive force acting on the nonspheri-
spherical cometary nucleus undergoes sublimation of the wataftnucleus. The precession rate is a function of: the lag amgle,
snow!Marsden et al. (1973) introduced a method of determinihe nucleus orientation defined by anglesd¢, the modulus of
tion of the nongravitational effects in the orbital investigationghe reactive force, the nucleus oblatenesand the precession
According to this method the nongravitational terms are directigctor, f,,, which depends on a rotational period and a nucleus

included into the equations of a comet’s motion: size. The forced precession model was adopted for orbital com-
. putationi.e. the precession formulae were transformed in such a
. .o OR r Tt —7r h : . : : ) .
F+k"— = I +a1— +as W + as 5, (1) waytoinclude themdirectly into equations of the comet’s orbital
r r r

motion (Krolikowska et al. 1998b). In the orbital version of the
wherer is the radius vectok; is Gaussian gravitational constantmodel instead of the water production rate derived from the vi-
R is the planetary disturbing function, and vectors defined sual magnitudes estimations the functign) was used. Values
by h = r x . The orbital components of the nongravitationalf the model parameterst, 1, I, ¢, s, f, could be determined
acceleration in the radial, transverse and normal direction &igultaneously with six orbital elements from the observational
a1, az andas, respectively. In the Marsden’s formalism, theyquations by the least squares method. The forced precession
are given bya; = A; g(r), (i = 1,2,3), where the con- model was successfully employed to modelling the long-term
stantsA; can be determined along with orbital elements frommotion of a certain number of short period cométs (Sitarski
the least square fit to positional observations of a comet. Th@9g5, 1996[ Kolikowska & Sitarski 1996, Kalikowska et al.
positive value of transverse component indicates an additiongbga).
deceleration in a comet's motion. Likewise, a nongravitational Sect. 4.3 presents the successfull linkage of all apparitions of
acceleration is associated with negative value of the transveis® comet 43P/Wolf-Harrington based on the forced precession
component. The value of the nongravitational force is changingbdel in which irregular time shifts of the functigrr) with
with heliocentric distance of a comet,according to symmet- respect to perihelion were taken into account.
ric with respect to the perihelion functigrir) which simulates Yeomans: Chodas (1989) modified the symmetrical model
the ice water sublimation rate. An existence of nonradial termsthe nongravitational acceleration assuming that the water va-
of the nongravitational force is connected with rotation of theorization curve may reach its peak a certain number of days
comet nucleus. before or after perihelion. They varied the time shift of the func-

For a cometary nucleus rotating around a fixed axis, Sitarskin g(r) with respect to the perihelion passage to find the best
(1990) developed a procedure to treat the nongravitational fiato the astrometric observations of eight short-period comets.
rameters as functions of time: In the asymmetric outgassing model the functign), at any

, time t, is replaced by(r’), wherer’ = r(¢t — 7). Thus, the

Ai(t) = ACi(n,1,20), 1=1,2,3 @) maximum of the gas p(rO()juction rate is s(hifted)vbylays with
where the argument of the Sun is;, = v(t) + ¢. The solar respect to the perihelion time. Furthermore, it is worth while
longitude at the perihelion is measured along the orbit fromto notice that the value of this shift can suffer a change over
its ascending node on the equator in the sense of increasing &eng interval of the comet's motion. The method of determi-
anomalyw(t) of the comet. The angl&is the obliquity of the nation ofr and its constant with time changg, in a process
orbit plane to the nucleus equator ani the lag angle of the of the orbit improvement was developediby Sitarski (1994). In
outgassing maximum behind the subsolar meridian. The forniliis approach the displacement is a linear function of time:
lae for direction cosine€’; have been introduced by Sekanina = 7o + 7(t — o), wheret, is the osculation epoch of the
(1981). The parameterst, n, I and¢ are determined from the initial orbit. In many cases the orbital motion of short period
observational equations of a comet in an iterative process of ff#nets can be better approximated by the asymmetrical model
orbit improvement. of the nongravitational acceleration than by the symmetrical

Both, the standard model of the nongravitational accelée. The Comet 43P/Wolf-Harrington is here a good example
ation and the model with the angular parameters, were udgge Sects. 4.2, 4.3).
to investigate the motion of 43P/Wolf-Harrington in intervals  The perihelionasymmetry of the gas production curve or the

of time covering either three or four of its returns to the SugPmetary light curve can be explained by outgassing from dis-
(Sect. 4.1). crete sources on the nucleus surface. For such spotty nucleus,

A |Ong-term variation of the nongravitationa| effects dethe maximum sublimation rate will take place when the sub-
tected in the motion of some short-period comets can be inté@lar point is closest to the active region what may not occur
preted in terms of spin axis precession. Quantitative model&fthe perihelion passage. Effects of discrete outgassing on the
the forced precession of the nuclear spin axis has been deriggape of the gas production curve and on nongravitational pa-
by[Whipple & Sekanina (1979) to explain observable tempor@meters were discussed in details by Sekanina (1993a, 1993c).
variations in the nongravitational motion of the comet 2P/Encké&. the Sekanina’s model, an active region on the surface of a
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rotating nucleus experiences diurnal and seasonal variatiahg. functionZ, () has been normalized to unit heliocentric dis-
The seasonal effects cause the perihelion asymmetry of the gaee: Z,,(r) = Z,(1) - h(r), whereZ,(1) = 1.51836 - 10%
production curve. Sekanina has shown that for a comet witiol/km?s. Both, functioni(r) and widely used in orbital cal-
isolated centres of activity, the sign df, is not related to the culations functiory(r) have the same form:
direction of nucleus rotation and the nonradial components of . N
the nongravitational acceleration do not vanish even when QE}@«) — <T> [1 I <T) ] 3)
lag angle is assumed to be zero. The erratic discontinuities in the To To
nongravitational perturbations of comets or long-term changes . .
in As has been interpreted by Sekanina (1993b) as initiation lfth(r) d|ffers.|n values of the exponents, n, k and the scale
new active areas or deactivation of existing ones on the nucl _|§;tance~o, which are equal t@._l,_3.2, 3.9 and5.6 AU, respec-
surface. ively. The yalue of the _normahzmg constamt= 0.02726 was

The first attempt to introduce the spotty nucleus model thosen o T'" thﬁ eqﬁamh(.l).: 1.' bital e liai
rectly into the orbital computation was made for the comg gsgummg t ai tt.e vafr|at|on mtor It Fl)os't'cf[ﬂ IS nte?_ Igl-l-
6P/d’Arrest by Szutowicz & Rickman (1993). However, in thi € during one rotation of a cometary nucieus, the rotationa
approach the observed form of the comet light curve insteg\éeraged orbital co_mpone.nts of the nongravitational accelera-
of the theoretical gas production curve was used. Actualw,)n could be described as:
the Sekanina’s model of discrete sources of a gas emission
has been modified and adopted for orbital calculations. De- 1
tails of the model are presented in Sect. 3. This model with = o ZAj h(r)
some additional assumptions concerning a lifetime of the active it
regions, gave satisfactory orbital linkage of all apparitions of 1=1,2,3, 4)
the comet 43P/Wolf-Harrington (Sect. 4.4). The spotty nucleus
model has been successfully used to link all of observationsvdereC; are directional cosinus of the momentum transferred
comet 46P/Wirtanen assuming temporal variations of the actigea nucleus by the outgassing frgith source. They depend
fraction of the nucleus surfade (Szutowicz 1999b, 1999c). Tha the position of active regions and on three angled., ¢,
model allowed also to explain a dramatic jump of the nongraoharacterizing the nuclues as it was described in Sect. 2. The
itational effects in the motion of the comet 71P/Clark by meaf@cation of thejth discrete center of activity is measured by a
of a redistribution of the surface active regions and the charggmetocentric latitudg;, positive to the north of the equator

of the nucleus orientatioh (Szutowicz 1999a). and negative to the south, and by an angular disténéem
the subsolar meridian. The anglg is the critical hour angle of

the Sun at which the sublimation rate from {fté active region
reaches minimum or drops to zero during a diurnal cycle. Itis re-
lated toz. by: cos 6.; = cos z./ cos 3; cos 6c — tan B tan dg,

The insolation of active regions near the perihelion varigghere the cometocentric declination of the Sun is defined by:
rapidly not only due to variation of the heliocentric distance batn 6 = sin A sin . For zones which experience days or
also due to changes of the subsolar point latitude. The modahts one hag.; = 180° or d.; = 0°, respectively. The con-

of the water ice sublimation for insoled active areas, applieds$tantsA; are given by:

this study, was formulated by Sekarina (1988). In the model _

the absorbed solar energy is spent on sublimation and therrpal _ meu S; Zo(1) (5)
reradiation only. The emission from each active region located M ’

on the surface of rotating cometary nucleus is expressed\@gsren, is the molecular mass of watéw, is the average out-

a product of the water sublimation rat,(r) from the unit fjow velocity, S; is the outgassing area ofjah source andy/
area at a subsolar point and the dimensionless relative sublildane nucleus mass.

tion rate,| {(z;,7) [< 1, at the Sun’s local zenith distaneg For orbital computations the components of the nongravita-

(4 =1,2,...N). Atotal number of\V sources of outgassing hagjona acceleration given by Eq. (4) have been transformed into
been assumed. For a small zenith distance of the Sun the relagiyerqrm:

sublimation rate varies ass z;. Its general approximation was
given by Sekanina as:

ch
5(2’;»7“) C’L (777[7 /\®7ﬁj79]) d0j7

cj

3. Model of a cometary nucleus
with discrete sources of outgassing

tgj

N
) a; =Y _A; h(r) (Ki(0,1,X0,Bj,0c;))| , i=1,2,3 (6)
P— ] . . 4= t1J
f(zp?“):{coszﬂ f(r)sin® z; 0<2 <z i=1

0 for zj > e The expressions fafk;) were derived as:

wheref (r) is a third order polynomial. The anglg is the crit-
ical angular distance of the Sun from the active spot, beyo
which the sublimation rate is nggligibly low as compared wit V,) = Cp, (cos I'sing — sin® I sin A cos Ag cos7)
that at the subsolar point and it depends onthe). In order cos 0

to employ the law of sublimation rate in orbital calculations +8p, sin I cos Ao

#gﬁ = Cp, cosdg cosn + Sp, sin [ sin A\g
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Cﬁj sin [ Table 1. Characteristics of the astrometric observations of 43P/Wolf-

K3) = —2——(cosIsin g cosn + cos Ag sin - .
(Ks) cos 0 ( © n © ) Harrington. Observations reduced by normal places are markéd b
0] y
—Sg, cos I
J
No No
where Perihelion Observation interval of of Mean
sin 3, time obs. res. res.
S, = L [cos 8 cos B sin f.; + 0., sin 6 sin 5;
Bi [cos 0 cos 3; ej + e o sin f; 1925Jan. 11 1924 Dec. 22— 1925Jan. 23 16 28392
+f(r)(H cos® § cos? Bj + 0. sin? 5o sin? B; 1952 Feb. 6 1951 0ct. 7-1952Apr. 24 39 74’30
1 1958 Aug. 11 1957 Nov. 18— 1959 Apr. 10 24 48/10
+ sin 20 sin 203; sin 05 — 0.;)] 1965 Feb. 15 1964 Jun. 11— 1965Apr. 23 28 5594
COSﬂ‘ 1971 Sep. 1 1970 Nov. 25— 1972 Apr. 19 25 49'59
Cﬁy = =7 [H cos 6@ cos ﬁj + sin 6@ sin ﬁj sin ch 1978 Mar. 15 1977 July 11- 1978 Jan. 17 6 1208
T ) ) ) ) 1984 Sep. 22 1984 Jun. 4-— 1985Mar. 26 38 7654
+f(r)(F cos® §c cos” 3; + sin” dg sin® 3; sin O 1991 Apr. 4 1990Jun. 14— 1991Mar. 3 27 5116
1 . . . 1997 Sep. 29 1996 Jun. 15— 1998 M 26 41235 0’57
+- H sin20¢ sin 26; — sinf.;)] P an &
2 Total 1924 Dec. 22- 1998 May 26 322628 1723
1 1
H = - (96]' + —sin 20@)
2 2

) 1. Table 2. Nongravitational parameters; , A2, As determined as con-
F = sinf.; (1 - 3 sin” f;). stantvalues by linking of each three consecutive observable apparitions

o ] ) o ) _of the comet. The mean residuals are given in the last column.
Lifetime of each active region was limited by time of acti-

vationt,; and deactivations;. Obs. A As As Mean
The expressions (6) were incorporated directly into the equaserval 108 AU/day? res.
tions of the comet's motion (Eq. (1)) which are solved by thg,, 1959 0.1089.0769 -0.0648.0040 -0.0219.0414 148
recurrent power series method. For the orbit improvement, th, 1965 019950380 -0.0513.0012 -0.0486.0246 118
method of Sitarski (1971, 1979a, 1979b) was applied. Parafgs7_1972  0.3428.0339 -0.0486.0011 -0.031%.0233 127
eters of the spotty-nucleus model;, 1, I, ¢, and3; could 1964-1978 0.3705.0845 -0.047%.0025 -0.0130.0387  1'60
be simultaneously determined with the orbital elements in th&r0-1985 0.3335.0558 -0.0096.0028 -0.0002.0374 187
iterative process of the orbit improvement. 1977-1991 0.2852.1160 -0.0179.0025 -0.0328.0569  1'86
1984-1998  0.4060.0213 -0.0366.0009 -0.009%.0151 112

4. Nongravitational motion of comet 43P/Wolf-Harrington

The orbital motion of the comet has been investigated basedmave been determined for each three successive observable ap-
astrometric observations made during its nine observable apsitions. Values of paramete#s for such observational inter-
paritions from 1924 to 1998. The total number of the collectedls are listed in Table 2. The first interval of time has spanned
observations amounted to 415. From the last return of the coraiet real apparitions of the comet because it was not observed
to the Sun, 212 observations are available. For this dominatiting its three succesive returns to the Sun after 1924. A partic-
apparition the numbers of observations were decreased by taller behaviour of the parametr, connected with the transverse
ing into account so called normal places i.e. if more than two obemponent of the nongravitational force should be noticed. The
servations were made atthe same day, they were replaced byrmregravitational acceleration was slowly decreasing over along
average comet position. For each apparition the observatigesiod of time from 1924 to 1978 and then felt down reaching a
were selected separately according to the mathematically objgwall value close to zero. Itis interesting to see that the accelera-
tive criteria elaborated by Bielicki_(Bielicki & Sitarski 1991).tion did not switched into deceleration after the 1984 apparition
The mean residuals for each apparition have been calculatadt. it started to increase. The paramedtgris very poorly de-
The results from every apparitions have been combined and tékmined for almost all intervals of time.
“a priori” mean residual of 123, representing accuracy of the  An employment of the model (see Sect. 2) in whithare
whole observational set, was obtained. Global characteristiceapressed in terms of angular parametgts, ¢ of the rotating
the observations are given in Table 1. cometary nucleus allowed to establish the perturbation in the
nongravitational motion of the comet as a change in the nucleus
orientation. WhenA, increases from negative values to zero,
the spin axis of retrograde rotating nucleus approaches the or-
The reasonably linkage of all astrometric observations of théal plane. The values of the angular parameters obtained as
comet 43P/Wolf-Harrington was impossible using the standamesults of the orbital linkages of four successsive observed ap-
Marsden’s model. This model was explicitly inconsistent witparitions, are presented in Table 3. The paramgwnnected
the real motion of the comet giving the mean residid3. with Az is rather poorly determined. Unstability in the comet’s
To examine temporal variations of the nongravitational efiehaviour around 1984 did not allow to find the solution for
fects the constant nongravitational parameters(i = 1,2,3) the interval 1964-1984. The comet’s observations from 1952 to

4.1. Symmetrical models
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Table 3. Angular parameters, I, ¢ and A of the nucleus of the comet tion decreases and the parametegaches positive values. The
43P/Wolf-Harrington determined within of sets of four consecutiveecond change af takes place after the 1991 apparition and
apparitions. The last interval covers only three returns to the Sun. the maximum ofy(r') is shifted again before perihelion. Non-
linear variations ofr explain the poor accuracy of the orbital

Obs. A n I ¢ Mean linkage of all comet’s observations where the linear change of

interval 10~ 5 Auiday® degrees res. T was assumed. However, a general evolution of the shift of the
1924-1965 0.319.022 13.8 3.1 129.613.1 121.6 27.9 1'41 maximum cometary activity, from negative to positive number

1951-1972 0.275.024 15.6& 4.2 130.1:14.1 1442 322 1’31 of days in consecutive returns of the comet, has been confirmed.

1957-1978 0.370.034 10.4 4.3 135.031.1 171.3131.2 145
1970-1991 0.358.042 26.418.3 95.9 3.4 258.0. 19.3 1'82 .
1984-1998 0.407.021 10.7 4.6 118.:135 114.Z 152 1’11 4.3. Forced precession model

The analysis of the nongravitational parameters determined as

Table 4. Constant nongravitational parametets (i = 1,2,3) and constant values within sets of three or four consecutive appari-
the parameter describing the perihelion shift of the functigrir’)  tions has shown long-term variations of the nongravitational
determined from linkages of each four consecutive apparitions of th&ytyrpations in the orbital motion of Comet Wolf-Harrington.
comet. The lastinterval covers three apparitions. One of the posssible explanation of these temporal variations
could be forced precession of a rotating nonspherical cometary
nucleus. Therefore the orbital version of the forced precession
model (see Sect. 2) was applied. The model has been preliminary
1924-1965 .3441.0230 -.0296.0011 .0120.0248 -26.2 98 Y41 employedto link all of the comet apparitiohs (ikowska et al.
igg;‘igzz '22%‘8322 "822&'8823 "ggggg;ii '22: 2'8 iig 1998a), where the last return was represented by observations

- o N ' - ‘ DD made only till December 1997. Values of six model parameters
Lnt-one gacocn sa1 075 920212 54431 £ hasboen ound o rolate spheroid uceus of recomet. The
1984-1998 3605.0217 -.0193.0074 -.0055.0142 -16.8. 8.3 1'10 comparison of the mean residual of that orbital solution which
reached’26 with the ‘a priori’ residual ofl”’26 indicated that
the forced precession model needs some additional parameters

1991 have been linked previously (Szutowicz 1992) assumitf@ive better approximation to the real motion of the comet. As

linear variations of the angldsande. Unfortunately, fitting of it follows from Table 2 the nongravitational perturbations exibit

all apparitions of the comet to this model has failed. some irregular behaviour represented by unexpected changes
not only in 4; but inr, too. Time shift of the functiog (') de-

scribed byr can be determined together with the basic parame-
ters of the forced precession model. To model discontinuities in

Asymmetrical model of the nongravitational acceleration u#?€ nongravitational motion of the comet changes of values of
derstood as a perihelion shift of the functigfr) (see Sect.2) 7 close to the selected moments of aphelion passage has been
provided a much better orbital solution than the standard modgsumed. After some numerical calculations two moments of
The orbital linkage of all comet's apparitions with the meafliscontinuities in 1975 and in 1988 has been established. The
residual equal ta”’85 was obtained. However, it was necessarjiodel parametersl, 1, [o, ¢o, fy, s, 71, 72, 73 @s well as orbital
to introduce a linear variation of two parameters:‘tl’dﬁscrib_ elements were determined together In a process of the iterative
ing the time shift ofy(r-) with respect to the perihelion and thdmprovement of the orbit. All parameters are listed in Table 5
angle¢ connected with the comet's orientation. According t8S Model C. The orbital solution was fitted to all observations
this orbital fit the functiorny(r’) reached peak 23 days befor®f the comet with the mean residual 4f39. According to the
perihelion passage in 1925 and due to the linear evolution ®9del, the nucleus is a slightly prolated spheroid with the ratio
maximum occured about 57 days after perihelion of the 199¥the longer axis to shorter one being equal.& +0.02. Pre-
apparition. Linear variations of parameters remarkably limit tt@ssional variations of the equatorial obliquityand the solar
physical meaning of the model especially for the prediction #thgitude at the perihelion, during 72 years of the comet's
the future orbit. motion are shown in Fig. 1. Time dependences of the acceler-
To study a behaviour of the perihelion shifigf-) in shorter ation’s orbital components,, a,, a; during the same interval
intervals of time, the asymmetric model was applied for eaéttime are presented in Fig. 2. They are compared with appro-
four Successive|y observable apparitions of the comet. In mlate evolutions O&L obtained from the orbital solution for the
ble 4, the values ofl; and in the appropriate observationalSPOtty nucleus (Model A). o
intervals are presented. The last interval includes only three ap- Based on discontinuities in the nongravitational perturba-
paritions, because of difficulty in linking of the observationions the comet 43P/Wolf-Harrington may be classified as an
from 1977 to 1998. One can see that a formAefvariations “€rratic” comet. Its orbital motion was compared with that of
is different than that for the symmetrical model. The maximufiy€ comets which exhibit strongly variable nongravitational ef-
of the functiong(r) significantly peaks before perihelion pasfects (Kiblikowska et al. 1999, 2000). The satisfactory preces-
sages for the comet’s returns until the 1972. Then the accelei@nal models were found for all of these comets.

Obs. A Ag As T Mean
interval 10~8 AU/day? days res.

4.2. Asymmetrical model
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Table 5.Parameters describing the comet nucleus and the orbit obtail r Mohel A ! ! .
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Fig. 2. Orbital components; of the nongravitational acceleration as

S fp 107 Aulday) functions of time for 43P/Wolf-Harrington obtained from dicrete out-
-0.04506:.01994 -0.3135¥.06697 gassing model (Model A) and forced precession model (Model C)
T (days)
-17.782.1.752 t <1975 Jan. 01
8.394:0.824 for 1975 Jan. 0% ¢ < 1988 Jan. 06 assumption of slightly different lifetimes of active regions. In
-11.691:0.884 ¢t > 1988 Jan. 06 Table 6 both solutions are represented by the model parameters
Orbital elements;  Equinox: J2000.0 and orbital elements. Time of activation and deactivation of the
Epoch: 1997 Sep. 29 T: 1997 Sep. 29.21850 regions are given too. The models have been satisfactory fitted
q: 1.58182646 AU e: 0.54394750 to real motion of the comet, with the same mean residuti 2
w: 18713349 Q: 25475651 1: 1851059

as in the case of the precessional model. From presented solu-
tions follows that the appearance and disappearance of regions
4.4. Spotty nucleus model Iocateq on the south.er.n hemisphere of t.he .comet nucl.eus are
resposible for the variation of the nongravitational behaviour of
Time dependent shifts of a maximum activity seem to play ethie comet.
sential role in the nongravitational motion of the comet Wolf- In both cases the first regio)(is situated on the northern
Harrington. Attemps to model the nongravitational acceleratitiemisphere of the nucleus at the latitude of abpsit°. It was
as a result of the outgassing from one emission source whiclidand to be the largest and persistent active, whereas on the
active in the same degree over the whole interval motion of teeuthern hemisphere the variations of activity have been dis-
comet 43P/Wolf-Harrington, have not been successful even takvered. The second regiohl{), which was localized near to
ing into account a linear precession of the spin axis. Extensit® cometary equator, became active about 150 days after peri-
numerical experiments with using a model of the spotty-nuclehslion of the 1965. According to scenario related to the Model
described in Sect. 3, allowed to ascertain that processes of Athe total active area increased once again before 1978 appari-
tivation and/or deactivation of emission sources on the nucldign due to activation of the third regiod {I) on the latitude
surface took place at least three times. From numerical fittin§ —51°. This region decayed about 160 days after perihelion
of the model parameters to positional observations, the lag gassage of the 1991. While from the Model B follows that the
gle,n, the orientation of the nucleus in space described by thecond region vanished after perihelion in 1978 and the third
anglesl andg, the localization of three active regions given bypne was localized nearer to the equator than the analogue region
cometocentric latitudess;, 8rr, Brrr, and appropriate valuesof Model A.
of the A;, A;; Arrr parameters have been derived. Two or- Taking into account that the activation of new regions could
bital solutions called Model A and Model B were found on thdisturb the nucleus spin axis, the orbital programme was run to
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Table 6. Physical parameters of the nucleus and orbital elements «
tained from linking all apparitions of the comet 43P/Wolf-Harringtol
by using of discrete outgassing model. Two possible orbital solutio
called Model A and Model B are presented. The active regions ¢

denoted byl, I, I11.

Model A Model B
n 22154+ 0°29 187+ 0°40
I, 11728+ 304 11296 + 3725
o 11755+ 0°97 11736+ 0287
Br 3886+ 1°62 3582+ 1°12
A; o8auiday?) 0.65972+ 0.03476  0.7249% 0.03148
activity time: 1924-1998 1924-1998
Brr -3753+ 1°55 -£88+ 2°88
Arr ao—8auda?  0.59792+ 0.09475  0.51734 0.11982

activity time: 1965 June 14-1998 1965 June 14 -
- 1978 Nov. 30

Brrr -51°38+ 5224 -3¥41 4+ 1°93

Arrr ao—8auday?)  0.39489+ 0.01796  0.62595- 0.02825

activity time: 1977 June 15 - 1978 Aug. 1 -
-1991 Sep. 15 -1991 Sep. 15

Orbital elements; Equinox: J2000.0

Epoch: 1997 Aug. 20 1997 Aug. 20

T 1997 Sep. 29.21850 1997 Sep. 29.21835

q (AU) 1.58182559 1.58182786

e 0.54394559 0.54394824

w 18713373 18713371

Q 25475623 25475624

1 18251062 1851061

mean residual 139 1’39

Fig. 3. The orbit evolution between 1925 and 2004

AU, the perihelion distance was reduced from 2.42 to 1.45 AU
and the orbital period dropped from 7.6 to 6.2 years. The second
approach in January 1948 at 0.716 AU caused opposite changes
but much smaller than the first one. The comet once again will
decrease the distance to the Sun at perihelion of the 2010 appari-
tion shortening the orbital period to 6.1 years due to approach
Jupiter in June 2007. The orbit evolution is plotted in Fig. 3.

6. Activity of the comet

6.1. Observed light curves

search for the possible change of the andlesd¢. Solution Additional information and an independent test for the orbital
with the discontinuity in the equatorial obliquity around 1978olutions follow from observable light curves. Information on
was found. However, the mean residual did not change in spite total brightness of the comet is rather poor. A small num-
of introducing new parameters, therefore the new solution Weér of observers and observations must be due to the comet’s
given up. faintness (peak magnitude 11™*). The analysis of the comet’s

In Fig. 2 variations of three orbital components of the nomyrightness in the period 1924-1984 was based onQtmaet
gravitational acceleration during the whole investigated perig¢hht Curve Catalogue/Atla@amel 1991). The catalogue con-
of the comet’s motion resulting from the Model A are shownains reduced magnitudes, corrected for the geocentric distance.
One easily recognizes that in the case of the forced precesgi@nphotographic observations a colour correction is used. In the
model the component; is always negative or close to zerocase of the comet Wolf-Harrington, magnitudes are additionaly
whereas for the spotty - nucleus modglis strongly variable corrected for observational effects, e.g. the sky brightness and
near perihelions and reaches either positive and negative vala@ude. During the first discovery apparition in 1924 the comet
was observed very shortly and remained very faint, never be-
coming brighter than5¢th magnitude. There are only four total
brightness estimates from the 1958, 1965 and 1978 apparitions.
As a solution for prediction of the future orbit, the Model Ain that case the four apparitions mentioned above have been
with the discrete emission sources on the nucleus surface wastted in the analysis of the comet’s light curves. The light
chosen. Using this model the evolution of the comet orbit dururves extracted from the Catalogue for the 1951, 1971 and
ing 1924-2010 was investigated. Equations of the comet motit®84 apparitions are represented by 25, 7 and 20 magnitude es-
have been integrated including all planetary perturbations. Tiates, respectively, all made by 21 observers. The magnitude
orbital elements for all perihelion times are listed in Table data used in the study of the comet’s brightness in the 1991
The apparitions from which observations were performed aaad 1997 apparitions were reportedine International Comet
denoted by asterisks. The comet experienced two close encd@uarterly (Numbers 77-80; 101, 103—-107) by 6 and 26 ob-
ters with Jupiter between the 1924 apparition and the 1951 oservers, respectively. The total number of magnitude estimates
After the first approach in June 1936 at the distance of 0.12@s 39 for 1991 and 85 for 1997. To construct the light curves,

5. Evolution of the orbit
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Table 7. The evolution of the orbital elements according to the Model A given in Table 6; perihelion digtémgeAU, periodP is in years,
angular parametets, 2, ¢ are referred to J2000.0. The apparitions which have been observed and used for the orbit improvement are denoted
by an asterisk.

T (ET) q e P w Q i Epoch

x 1925Jan. 11.3660 2.428411 0.371657 7.60 °2809 2623867 236842 1925Jan. 11
1932 Aug. 14.5667 2.416234 0.372998 7.56 °HEA3 2613272 237143 1932 Aug. 14
1939 June 25.6493 1.447732 0.570822 6.20 °4630 2561279 183227 1939 June 25
1945 Sep. 9.0355 1.449976 0.570489 6.20 °58F7 2560704 183143 1945Sep. 9
1952 Feb. 6.6838 1.599103 0.540669 6.50 °8864 2549937 184933 1952Feb. 6
1958 Aug. 11.4201 1.604496 0.539864 6.51 °IR75 2549426 184779 1958 Aug. 11
1965 Feb. 15.5507 1.614447 0.538107 6.53 °2969 2549324 184581 1965 Feb. 15
1971 Sep. 1.1779 1.621819 0.536762 6.55 °9986 2549178 184331 1971Sep. 1
1978 Mar. 15.8944 1.614588 0.537996 6.53 °BE®1 2549305 184578 1978 Mar. 15
1984 Sep. 22.7554 1.615896 0.537725 6.54 °8847 2549283 184478 1984 Sep. 22
1991 Apr.  4.8295 1.607837 0.539041 6.51 I$ER9 2548900 184721 1991 Apr. 4
1997 Sep. 29.2172 1.581827 0.543976 6.46 °1830 2547563 185104 1997 Sep. 29
2004 Mar. 17.8454 1578634 0.544594 6.45 °DFA8 2546945 185205 2004 Mar. 17
2010July 1.7126 1.357667 0.594435 6.12 °“HED4 2498974 159681 2010July 1

* X X X X X X ¥

all of the available data were used and they were reduced to 1 AU Next, (Z) was transformed into the total water production
geocentric distance. The small number of estimates providedrbie, @, expressed in molecules per second, using the relation:
each observer did not allow to find the systematic personal &= (Z) S., whereS. is the total outgassing area. In the other
rors. Furthermore, no corrections for telescope apperture wererds the vertical shift between tig and (Z) yields the ac-
applied. All derived light curves are presented in Fig. 4 as thige area on the comet surface. Finally the water production
heliocentric magnitudes versus time from the perihelion paste was related to the heliocentric magnitude. The empirical
sage. The magnitude data are marked with open circles. Téw in the form of linear dependences between the logarithm of
solid and dashed lines are the theoretical light curves obtairted production rate and the visual magnitude were proposed by
on the basis of the orbital solutions. several author$ (Jorda et al. 1992, Festou 1986, Sekanina 1989).
For the comet P/Wolf-Harrington there is a possibility to verify
this relationship becaugeH production rates derived from the
narrow-band photometry are availahle (Schleicher et al. 1993).
To compare the observed brightness variations of the comet withe four pre-periheliotogQo g estimates from the 1991 and
the modeled profile of its activity the Model A and Model B havene post-perihelion data from the 1984 combine with the ob-
been applied. For each active region the rotational-averaged s@eved brightness of the comet were used to establish the first

6.2. Theoretical light curves

ter sublimation rates per unit surface area {km coefficient in the calibration formula:
1 [l — _

(2);= o / Zo(r) €z, 7)d6;, j=T111,111  (7) '09Qm0 =30.47—024my 9)
s —0.;

The second coefficient comes fram Jorda ét al. (1992) and is
have been derived over each orbit under consideration. The @ése to the value usually used. The water production rate is
eraged sublimation rates for the whole comet nucleus arerarited to theD H production rate byQr,0 = 1.1Qo. Five

follow: water sublimation estimations given by Schieicher ét al. were
ZUI (7); A, converted intan gy and marked with triangles in Fig. 4. Theo-
(Z) = %7 (8) retical light curve can be express by:
c
30.47 — log[(Z) S,
whereA, = Y"1 A;. The constantsi; derived from orbital mf; = 08l{Z) S (10)

calculations are given in Table 6. If the appropriate region was 0.24

inactive at any time thed; = 0. The profiles of the outgassingThe shape of the:?; curve is determined by an insolation pat-
curves for the Model A are shown in Fig. 5 as the logarithm oérn in each apparition but their amplitude depends on the out-
the modeled sublimation ratég) versus time to perihelion in gassing area as well. To establish the total size of the active area,
successive apparitions. Variations of shapes are evident duétahe level of the observed and theoretical light curve should be
initiation and deactivation of the regions and evolution of theompared. The theoretical light curve from 1991 was scaled by
orbit as well. One can see that until the 1971 apparition th@ active area to reach the observed level of the comet’s bright-
maxima occured before perihelion passages, for 1984 and 18@%s in this apparition. In a result {6 was adopted value of
apparitions they fall clearly after perinelion but during the lag&.76 kn? (Model A) and 4.90 krh (Model B). The total out-
return of the comet the shift was slightly negative again. gassing area is a sum of areas of every regiSps<{ ng, S;)
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F—'Model A 19971 Table 8. Maxima of the theoretical light curves measured in magni-
1o~~~ Model B o 3 tudes and its time shift respect to successive perihelions between 1924
C 1 and 2010 with corresponding to them the total ougassing areas and
12 o~ the active fractions of the nucleus calculated for the radius nucleus
14 E 4 amounted td.07 km (Model A) and1.12 km (Model B).
8 —__l L) I LI | LU rTTTF ' TrTT I LALINLEL) I LELLIRI | l\l I- Model A M0d6| B
- 19913 App. m% shift S. f. m%  shit S. fa
10+ o - max max ‘
- @ 7 mag. days ki mag. days ki
12 ;— 4 1925 1377 -39.3 150 0.11 13.47 -20.8 1.90 0.13
14 ] 1932 1373 -416 150 0.11 1344 -21.0 1.90 0.13
— \

«] 1939 11.08 -20.3 150 0.11 10.73 -21.1 1.90 0.13
LENLINN LI L L L L L N I L I L L L B ) LI B 1945 1109 '211 150 011 1074 '215 190 013

-y
r 18847 1952 1155 -27.6 1.50 0.11 11.20 -25.6 1.90 0.13
0 4 1958 1157 -28.0 1.50 0.11 11.22 -26.2 190 0.13
12 F 3 1965 1160 -26.6 1.50 0.11 11.25 -26.0 1.90 0.13
E 4 1971 11.27 7.2 286 0.21 11.04 117 3.26 0.23
14 2 1978 11.25 6.5 3.76 0.28 11.02 119 3.26 0.23

1984 1126 6.7 3.76 0.28 11.25 -25.8 4.90 0.35
8""""l“""”'l"""""'""“';,;1' 1991 1123 6.2 3.76 028 11.23 -24.1 490 0.35
1997 11.16 6.3 2.86 021 11.15 -248 190 0.13

Heliocentric Magnitude

10 4 2004 1112 6.6 2.86 021 11.14 -257 1.90 0.13
Y S . 4 2010 10.47 59 286 0.21 10.48 -20.1 1.90 0.13
14f 533
o T g !evel understoqd asthefrgction ofthetptalsurfgce participating
- 19521 in the outgassing were given. The active fractions were calcu-
10 4 lated from the expressiof), = ﬁ. For the nucleus radius,
C e mmTmm—a. 1 R, thevalues 1.07 km (Model A) and 1.12 km (Model B) were
12 4 assumed (see Sect. 7).
14 F -

IlIIIlllIIIIIIIIIIIlllllllllIllll

150 —100 -50 0O 50 100 150 7. The nucleus radius

d

Days from Perihelion The upper limit on the comet radius can be obtained from pho-
tometry of the nuclear condensation. If there is no coma around
fhg cometary nucleus then the absolute magnitiigegiven by
Rickman (1992):

Fig. 4. Heliocentric magnitude of the comet 43P/Wolf-Harrington fo
the 1952, 1971, 1984, 1991 and 1997 apparitions. The observed brigh
nesses are marked with open circles. The water production@ate,

converted inton gz are shown with full triangles. The theoretical IightHN —14.10 — 2.5log p, — 5log R (11)
curves derived from Model A and B for the spotty nucleus are plotted ' ' v
with solid and dashed lines, respectively. allows directly to estimate the radius of the bare nucleus know-

ing its geometric albedp,. The absolute magnitude of a comet
can be obtained from the observed nuclear magnitugee-
and on the other hand:, = 7 - A,. Thus itis possible to deter- duced to unit geocenticy, and heliocentric distance and zero

mine the area of each actlve spot on the nucleus and the variafl§Aree phase i.e.
of S, in the successive apparitions, too. The appropriate toyi\l — my — 5log rA — Ba. (12)
outgassing areas,. are given in Table 8. Taking into account
these values, the variations of the comet brightnesgesould Thea is the phase angle at the time of observation and the phase
be calculated from Eq. (10). They are plotted in Fig. 4 by solwbefficient,3, is usually taken to be 0.035 Jewitt & Luu (1992).
and dashed lines for Model A and Model B, respectively. To The nuclear magnitudes of the comet 43P/Wolf-Harrington
compare the observed and theoretical light curves the app&dm the period 1951-1978 employed in this study come from
tions 1951, 1971, 1984, 1991 and 1997 with known brightnetbee Kamel’s Catalogue. A large number of nuclear magnitudes
estimates have been chosen only. It should be noticed that tivere reported by Roemer and her collaborators (33 data points
oretical curves are fitted quite well to observed ones. from the 1958, 1965 and 1971 apparitions) and a few ones by
The shifts of maxima of the brightness curves with respeldirkos& Schwarz. The five observationsin 1951-1952 were ob-
to perihelion in the successive returns of the comgtand their tained by Cuningham et al. The data have been supplemented
maximum valuesnT , measured in magnitudes are listed iwith estimates made by Hainautetal. (MPC 27955), Offut(MPC
Table 8. In Columns 5 (Model A) and 10 (Model B) the activity27955), Scotti (MPC 27955, ICQ 107), Hergenrother (ICQ 100)
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T L S L B M 15 2 3 4 5 r(AU)
| T Mo4e 1925] 1965 T [ I | |
i Model B 3 ©1952 ]
o |- 3 14 |- 21858 -
5 Lo - s & 1965 .
E o6 T T T T T g B A 1971 h
% i - 5 ® 1977 1
& B + { o 18F 1997 -
3 27 -+ = - 2 Q.Hainaut -
‘g _‘/,/._—.w—-\-- ~ -‘é N A W.0ffutt A
gereft 1 T T T gr T T T T T 7 S © J.Scotti :
1.3‘ - 1978, = 18}- o C.Hergenrother
3 - = - x G.Garradd -
g 2 L | ]
1S R Q
o ] R o i
g avell 1 T I ! | IR LA T I ' | IR = 20 |- ]
gﬂ B 1945, 1884 PN R T AU R T W N N [
& - + N . 0 2 4 6 B 1
% e T . log r(AU)
g oye T T T T T =T T T 1 Fig.6.The nuclear brightnesses of the comet in 1952, 1958, 1965,
.g ’ N 1952] 1991] 1971, 1977 and 1997 apparition versus log r.
g L 4 _
S 27 R -
— i 4 ] In the further analysis of the constraints on the comet nu-
& T T——T— T cleus, the nongravitational acceleration was involved. The equa-
= erer al 7| tion: M =" S, 7,(1) allows directly to calculate the mass
ofthe comet nucleus, knowing values of e Assuming effec-
tive outflow velocity of the purél, O as equal t6.3 kms~!, the
nucleus mass amounted(tb5445 4 0.0831) - 10'? kg (Model

A) and(1.7803+0.0773)-10'2 kg (Model B). On the other hand

o the nucleus mass is related foby: M = p %wR? Assuming
Days from perihelion the bulk density or).3 g/cn® or 0.5 g/cm?® the nucleus radius

Fig. 5. Rotational-averaged water sublimation rate in function of thias evaluated as07 + 0.02km or0.90 & 0.02km (Model A)

perihelion time derived from Model A and B for all apparitions ofNd1.12 £ 0.02km or 0.95 + 0.02km (Model B). The relia-
comet 43P/Wolf-Harrington. bility of these estimations is limited by the assumed theory of

sublimation.

-100 0 100 -100 0 100

& Garradd (MPC 31329) in 1996 and 1998. The collected n%'— Discussion

clear magnitudes have been normalized to a geocentric distaBekital investigation allows to verify models of the nongravita-
of 1 AU and plotted againgbg r in Fig. 6. tional forces by comparing model of the perturbed motion of a
The magnitude estimates follows an inverse fourth poweomet with its real position on the orbit described by astrometric
law heliocentric distance therefore they are inconsistent wibhservations.
reflection from a bare nucleus, suggesting that the coma is still In all presented models of the nongravitational acceleration
present. To avoid possible contamination by products of tperturbing the orbital motion of the comet 43P/Wolf-Harrington
comet’s activity the observations at a large heliocentric distante similar evolution of the time shift of maximum activity with
should be taken into account. Employing three estimationsrekspect to perihelion was detected. This temporal evolution over
the comet’s magnitude at a heliocentric distanc&.8f AU, the whole examined interval of the comet’s motion derived from
made during the last apparition, tli&y were calculated from three different kind of models was presented in Fig. 7. For the
Eqg. (12) and next assuming a geometric albedb®f, the mean forced precession model the time displacements of the function
nucleus radius was computed from the Eq. (11) as being equg@l) with respect to the perihelion described by parametgrs
to 2.09 km. Slightly smaller radius of.64 km was obtained on 75 andrs (Table 5) are presented as straight solid lines. Shifts
the basis on the observations3at AU and 2.6 AU. On the of the maximum outgassing related to seasons effect resulting
base photometric observations made at a heliocentric distafroen Model A and Model B (Table 8) for the spotty nucleus
of 4.87 AU Lowry et al. (1999) estimated the nuclear radius ofiodel are marked in each apparition with big circles full and
the comet on 3.3 km. open, respectively. The character of variations of the activity
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10 Nodel A & 7V T T T T T T T T T obtained on the basis of the forced precession model can be in-
- Model B 0 { terpreted as variations in the localizations of the active areas on
3o - Foce —1 thenucleus ofthe comet 46P/Wolf-Harrington. The variations in
o0 _| distribution of the active areas on the nucleus surface cause both
= eaXmm e 4 the horizontal shifts and amplitude changes of the outgassing
10— 2 %— e e | CuUrves. Unfortunately the presented precessional model for uni-
i ToTTXemee- [alelaae 1 formdistribution of the active areas on the nucleus surface offers

L 4 the perihelion shifts of the symmetrical production curve only.

-10+ - Probably the comet 43P/Wolf-Harington needs a model of the

_20 '_0 P --x--- ] forcgd precession for the nucleus with activity conpentrated in
LT T g__é::éf:g—-- o © o 4 localized sources on the surface. Nevertheless, it seems that

-30 — scenarios of the activity variations proposed here can explain

[ o 1 the temporal variability of the nongravitional perturbations in
-4 L1® Ll oL o111 thelong-term of the comet’'s motion and are consistent if the
1930 1940 1850 1860 1870 1880 1880 2000  yjgriations of the shift perihelion of activity are considered.

Orbital investigation allows to verify models of the nongrav-

itational forces by comparing model of the perturbed motion of a

Fig. 7. Time shift of the maximum activity with respect to the periheeomet with its real position on the orbit described by astrometric

lion in the successive apparitions of the comet 43P/Wolf-Harringt@bservations.
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