PHOTOMETRIC OBSERVATIONS AND REDUCTIONS OF
LIGHTCURVES OF ASTEROIDS
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The brightness-time variation (the lightcurve) of an asteroid is observed to
obtain the rate of rotation, some indication of the shape, and the orientation
of the rotation axis in space. The brightness-phase relations are observed for
the study of surface texture.

This paper deals specifically with observing routines and reductions,
including discussions of lightcurves, rotation periods, absolute magnitudes,
phase coefficients, opposition effects, and pole determinations. This paper
supplements the review chapter by Gehrels (1970). Only photoelectric
techniques are considered because the visual and photographic ones are, nearly
without exception, not precise enough.

OBSERVING ROUTINE

Photoelectric observations of asteroids were made as early as 1935 by
Calder (1935). Calder already observed comparison stars, chosen for their
proximity to the asteroid and for similarity in color and magnitude. The
comparison star observations allow correction for photometric changes in the
quality of the night and to remove extinction effects from the lightcurve.
(This, of course, assumes that the comparison star does not vary during the
night.) A value for scatter of the comparison readings can be computed as an
indication of the quality of the night. Because it is impossible—with a single
detector—to observe the comparison star and the asteroid at the same time,
interpolation of comparison star readings is necessary. The deviation of the
comparison star readings from a smooth secant Z curve is, at good sites as the
McDonald and Kitt Peak Observatories, on the order of 0.01 mag; such effects
remain uncorrected if no comparison star is observed (for instance, by Miner
and Young, 1969, 1971). With careful comparison star corrections, the
precision of the lightcurves generally is +0.003 mag (for the mean of three
measurements). With a two-detector photometer this may be improved to
+0.001 mag. (See Gehrels, 1970, fig. 4.)

With slight variations, the generally adopted observing routine is as
follows: At the beginning and end of each run a red and a blue standard star
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are observed for B, V, and U. The order of the lightcurve cbservations is
AASAA, CC, AASAA, CC, etc., where A represents the asteroid, C the
comparison star, and S the sky readings. Automatic lightcurve reductions
during the night of observing have not as yet been made. As a step toward that
goal we have a preliminary automated lightcurve reduction program.

Standard stars (not to be confused with the comparison star) are observed
to determine the magnitude of the asteroid; generally. the UBV system of
Johnson and Morgan (Johnson, 1963) is used. If one has a fast-moving
telescope, the transfers can be performed during the lightcurve run rather than
at the beginning and end of the night. Figure 1 illustrates the transfer routine.

In certain circumstances, one may find it desirable to forsake standard star
observations during an asteroid run. In those cases, the comparison stars—and
more than one should be observed because of possible variations—can be tied in
to standard stars on subsequent evenings.
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Figure 1.—A reproduction of UBV transfer. ¥, B, and U refer to the filters; the symbols
Al to C3 indicate gain setting; the subscript s shows sky readings; and T is the
integration time.
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As for color variations, Groeneveld and Kuiper (19544) observed in ¥ and
B, but the color variations were only about 0.004 mag; therefore, they
discontinued the procedure. Thirty color observations near maxima and
minima were done in one evening on 624 Hektor. Little color differences were
found, which supports the contention that the large amplitudes (as high as 1.1
mag) of the lightcurves were caused mostly by shape, rather than by a spotty
surface (Dunlap and Gehrels, 1969). For Vesta, a slight variation of the U- V
color over the surface has been found (Gehrels, 19674). To make a thorough
study of color differences over the surface of an asteroid, a multichannel
photometer may be an ideal instrument for the observations.

LIGHTCURVE REDUCTIONS AND SYNODIC PERIODS

Most authors have adapted the procedure of plotting each point on the
lightcurve as the average of a set of values of the asteroid reading minus the
comparison star reading with skies subtracted out, and an extinction correction
applied. Generally, open circles have been used to represent uncertain values
and, at times, authors have reproduced points to complete a lightcurve.
Investigators have varied in taking the mean of from two to four asteroid
readings per lightcurve point. In 1967, Gehrels (1967a) suggested that for
bright objects . . . it will be better always to plot the mean of two integratigns
rather than four, in order to show fine details of the shape of the lightcurve.”

It appears that most lightcurves have been plotted using, as an ordinate
scale, an arbitrary delta magnitude system between the comparison star and the
asteroid. Occasionally authors have used a scale based on the ¥ magnitude of
the asteroid. Generally lightcurves appear as a plot of points as indicated in
figure 2. For clarity, some authors have joined mean lightcurve points with a
curve, especially if the lightcurve is not well defined.

Because of the rapid motion of Icarus, corrections for phase and distance, as
well as differential extinction, were needed to adjust each lightcurve. I reduced
the raw data supplied by Miner and Young (Gehrels et al., 1970) for June 19
and 20, 1968, by the general methods described above. Miner and Young
(1969) averaged 3 to 12 data points within a 2.7 min segment, determined a
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Figure 2.—A typical lightcurve.
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mean lightcurve with error bars averaging +0.015 mag, and smoothed the curve
by successively fitting 5 consecutive points to a third-order polynomial. It is of
interest to see how the two techniques create different lightcurves. (See figs. 3
and 4.)

Several authors have created mean lightcurves from various observations of
the same asteroid. Generally, corrections of some fashion have been applied.
Three such techniques are based on phase distance, rotation period, or
comparison star magnitude differences (Chang and Chang, 1962; Groeneveld
and Kuiper, 1954a; van Houten-Groeneveld and van Houten, 1958). With 20
Massalia phase changes caused amplitude variations, therefore a mean light-
curve was constructed from only two intermediate evenings (Gehrels, 1956). In
analyzing 18 lightcurves of 6 Hebe over 3 oppositions, I have concluded that
mean lightcurves can be made only when the observations are grouped by
opposition and similar phase angles (Taylor and Gehrels, 1972). Figure 5
illustrates three mean lightcurves of Hebe. The various causes for the mean
lightcurves to look different at various oppositions are discussed by Dunlap.!

Synodic periods have generally been determined by an inspection of the
lightcurves. On occasion one must inspect the mean lightcurve, especially if the
period is long and each lightcurve is short (Chang and Chang, 1962). The mean
lightcurve was used with Massalia. The period was determined by dividing the
number of cycles into the time intervals between maxima of consecutive
lightcurves and of each lightcurve with the mean lightcurve (Gehrels, 1956).
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Figure 3.—Icarus data of Miner and Young reduced by standard method.

Igee p. 147.
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Figure 4.—-Icarus data of Miner and Young reduced with their polynomial method.

The period can also be determined with the method of Hertzsprung (1928,
1941), which requires a least-squares routine on the ordered pair (¥, T)), where
N is the number of cycles since the first epoch and T is the time of each epoch
in Julian days corrected for light time.

In fitting lightcurves of Vesta for a synodic period determination, it was
assumed that the horizontal time axes are parallel. Because of phase changes,
only time intervals from adjacent lightcurve epochs were used (Gehrels,
19674). With Hebe, I found that in matching lightcurves one should not
necessarily attempt to fit epochs of maximum or minimum light. Comparing
these epochs can be misleading because there is evidence that maxima may
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Figure 5.—Mean lightcurves of Hebe. Solid line, seven lightcurves of January and February
1959 at about 5° phase; dotted line, four lightcurves of November and December 1958

and May 1959 at about 22° phase; dashed line, three lightcurves of August 1968 at
about 20° phase.
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shift with reference to time; in fact, maxima or minima sometimes actually
disappear (Taylor and Gehrels, 1972).

ABSOLUTE MAGNITUDE, PHASE COEFFICIENT, AND OPPOSITION
EFFECT

Absolute magnitude V(1, 0) is defined as the V' magnitude at unit distance
from the Sun and Earth at zero-degree phase angle. The phase coefficient refers
to the magnitude change per degree of phase. The two values are directly
related. Initially, phase coefficients can be determined from just two
observations at different phase angles. For example, Groeneveld and Kuiper,
with two observations of Eunomia, noted that after allowing for magnitude
differences due to distance, there was still a discrepancy of 0.068 mag, which
they deduced was due to a phase angle change of 176. They therefore
concluded that the phase coefficient was 0.042 mag/deg (Groeneveld and
Kuiper, 19544). The same technique has been used by others. Once phase
coefficients have been adapted, a preliminary V{1, 0) can be determined as was
done using Miiller’s (1897) average phase coefficients, with known distances
and phase for 2 Pallas and 14 Irene (Groeneveld and Kuiper, 1954b). There are
limitations: With 511 Davida it was found that for two lightcurves the phase
angle changed 3°, the aspect about 90°, but the ¥(1, 0) values varied by 0.25
mag. Groeneveld and Kuiper (19544) concluded that it was not entirely phase
variation, and they warned that . . . the determination of the phase coefficient
may contain an effect of area change, resulting from a change in aspect.”

Hektor had similar type lightcurves; ie., not sinusoidal and with large
amplitude variations; and more consistent values of V(1, 0) were computed by
using V rather than mean ¥ (Dunlap and Gehrels, 1969). V| is the magnitude
of the primary maximum of the lightcurve, whereas mean ¥ is the magnitude
at a line on the lightcurve such that the areas enclosed above and below are
equal. For Massalia, mean V was used with the additional technique of
analyzing the comparison stars in relation to the mean lightcurve to determine
the magnitude of the asteroid ¥, (Gehrels, 1956).

If several observations exist over a wide range of phase, V¢, corrected for
distance, can be plotted as a function of phase. Gehrels (1967b) made a plea to
define ¥(1, 0) as the extrapolated V value at zero-degree phase. If one assumes
a linear plot, then the slope is the phase coefficient. Twenty-two asteroids were
observed and the conclusion drawn that for phase angles between 10° and 20°
the average phase coefficient of the asteroids is 0.023 mag/deg (Gehrels, 1957).

Average B- V and U- B values have been plotted versus phase. Giclas
(1951) and Haupt (1958) discovered a reddening with phase for various
asteroids. No evidence of this phenomenon was found with Icarus (Gehrels et
al., 1970). A reddening with phase was found for 110 Lydia (Taylor, Gehrels,
and Silvester, 1971) and for 4 Vesta (Gehrels, 1967a).

Table I is an updated version of table III of Gehrels (1970); the absolute
magnitude B(1, 0) and the mean opposition magnitude B(a, O) are taken from

https://doi.org/10.1017/50252921100088953 Published online by Cambridge University Press


https://doi.org/10.1017/S0252921100088953

PHOTOMETRIC OBSERVATIONS AND REDUCTIONS OF LIGHTCURVES 123

*9[qE) JO PUA JE 5330U100,]

STZT 81 4 81°0 401 16 6 oL'il LO'6 R 4
91 7z 1 »T°0 o8 €71 318 e b
LT°91 LT 4 61°0 ST'9 e 68 6v' 11 ye'8 IR Y4
916’1 81 € 0€09 ¥1°0 Lyi'y 8T ¥ 0T Tt 8L R 4 4
. €1 I ST0 ) ceeeee D op T 398 R T
6°LE sS € $7001 LT'O 08608 1374 I8 €101 SY'L R | 14
91 <1 I $7°0 opL I iRt se'8 e 6T
LT°6 8 1 €0 vi Se’ 18 91°01 6L°L 1 |
STTI (A3 [4 9€001CT°0 SLTTT w 123 6V’ 11 69'8 R A §
ST 1T T 110 £0E'V vT oL ¥9'01 689 Tt 91
9T'ST'CT 8¢ S €001 Z¥0 €809 o 08’ 8v'6 679 R §
€l ot (4 00 (AR 8¢ 18 8¥'01 vL R 4
b 81 1 1o SHO'L coeee L 0T L6L eeees e
97'sT € 1 7o | e R ERERY Pt 18°8 R
67°91°S1 (44 € 100 LOD L9901 8¢’ 08’ ¥S0l 8L°L A |
9T LTET 6¢ [4 0’0 81 oy oL €L01 LS9 I 1] |
CICI'6'E 6€ 14 92001900 v90°S (8 S8 L8'6 LT’L T 6
LT'STT 1€ [4 0001 10°0 9°¢l N4 98’ 65°6 8¥'L I
STTI'6'v 4y S 67091 v0°0 SET'L SY €8 144 89 R A
€T9I'T L6 4 02001900 vLL 1w [4'3 or'e oL'9 Tttt 9
97°6°¢ 9% € LT001IT0 90891 9¢’ 8 SO'TT 008 I Y
T8’ 611 9 €100 01°0 |6TITHE'S 9% L $89 ey I 4
LI'ET'6'E 1v € ST0 £ITL 6t 18 LY6 £V S 4
6T LTITET'Y 6€ 14 ST00 210 iCl1-6 9T S9 v9'8 8IS R 4
€161, 6T [4 +0'0 8L0°6 wo L0 9L Iy IR |
Sewr 1y
gSOUIY sInoy suonyisoddo ‘a8uex ‘porrad Sewr Sewr 0 g o‘ng PIOIdSY
3AINOIY3t] 30 19QUINN apnydury uoneloy ‘q9-n ‘A-9

SouSLIIDIYD) Proa1sy—1 ATAV.L

https://doi.org/10.1017/50252921100088953 Published online by Cambridge University Press


https://doi.org/10.1017/S0252921100088953

PHYSICAL STUDIES OF MINOR PLANETS

124

LT 6 SLbT p9TI S Ipe
6 N I L0°0 8 e IR TaT: b8 ceeepe
ST 8 1 8¢°0 0L8'T 124 18 90°'S1 8¢°11 R A3
L B T R R e 69 19°€T $5'6 -+ gog
9z S I €0 bl R RE! IREEERRERY e e 80°01 A
LI LT EE] I SRR I R IR 7w 89" veeT 80'6 I 4
174 [4Y 4 0700111°0 €L9T6°01 ot YA 6’11 08'8 IR 114
9z 1 1 70 8 e R a1 618 ceeee 68
9z 9 I ST'0 i8 R [P Tl £1'6 Y
U B I N R 9L 96°€T €86 ceree 79
6T St 1 0£0 SY'IT 134 1%:2 12 XAl LL's CTUTUTTI9
97°6 11 [4 1’0 Suoq 124 8 L9T1 SO'0T T 09
or €1 1 1o SO'L R E! BERTRRRRY pptost 788 ceer pe
L B LT A LR N TS 6911 €9'L N
LI9T'Y 8¢ 4 +v10 S8LL R B &3 1711 99'8 I £
9z L I o [l b g 758 e oy
1T°¢1°6°€ [44 14 8001 ZT0 81t'9 (14 Ly IL01 0’8 R 4 4
91 91 1 (A1) SL'S 0¢'11 816 R % 4
9 9 I o 3 EEEEEEETERE! EEEEEREE! INEREE | Lot 98 e T
€16 41 1 [a4V 8SET’6 w €8 L 01 S8 I 1) 4
0T 9T'ST'ET‘TI'6 €S L ¥S00181°0 |EPTSET'S (14 LY 98°01 VL T 6t
i Seeeeeendy T R L EE EEEERTIN e 8911 6¥'8 ceee g
L6 o1 1 ¥1'0 899°¢T v 88’ (41} 8L'8 T 0t
9 LI9TY 8¢ € €ro 68€°S Tt LY ST o1 9L R Y4
o1 91 I 770 LT R EERE! IEEERTRER et sT'8 ceeee g7
¢ ST, 1 <10 0058 RPN I | 9011 958 stz
Sew Iy
gSO0URIdIY smoy suonsoddo ‘o8uel ‘porrad Sewr Sew ‘g o‘ng PpIOId)SY
SAINOIYSIT Jo 1pquInN sppdwry uoneoy ‘a-n ‘An-9

PapNOUO) —$2138514210040Y ")y P1OL2ISY—] ATAV.L

https://doi.org/10.1017/50252921100088953 Published online by Cambridge University Press


https://doi.org/10.1017/S0252921100088953

PHOTOMETRIC OBSERVATIONS AND REDUCTIONS OF LIGHTCURVES 125

*(uonjeorunuwod Jeuosiad ‘S[a1yan) Arjswonse diawojoyd 10J S[qEIa1 9q JOU AR IDUISJAI SIY) U UIAIS Surwin) oy,

(216 d°7961) s3utmQ pue S[OIYsH Aq pIssa1dxa suoseal 10 papnjdul jou or1e eep (8561) BIYILIq

*$30UAIIJOY 9Y) UT $19)0RIq UL 9fe SIOqUINU SY [,

61°9
87°81°01
9z

LT

LT

L1

L1

S

LT

S

62

£1'¥
ANN
LT

LY

9z
91T
L1
IT'EI'Y
LT9T'y

A4
¥T
61

€1

Ly
0t
9

€1

[43
143

0zo 71
2T°091 500
001 §€0

£0

r'ro17o

81°0 01800
§ST001 900

0€09 $1°0

001 €0

0€TTS
€LTT

oL
€€STT6'9
€18'81
Lrs

ySTOLT'S

LLTY

0Ly

8¢¢€l
Yool
L8 ST
8¢€°ST
$0°91
80°ST
Iyl
I3y §
e st
6T S1
8E'¥1
128!
SETI
ST'v1
0T’el
9T'TC1
A1
L8El
9011
YOIl

L6'ST
LT
€T°6
Wil
eret
o'l
Ss0I
768
(48!
L9'8
(A4l
86'L
€rL
vo'It
66'6
9T'8
oy'cl
1901
9¢°L
6T°L

0291
9961
LEYT
16Tt
L8T1
€v01
9L6
116
859
144
ovs
Tes
11s
(U8Y
86V
1854
1% 4
08¢
vse
6vE

https://doi.org/10.1017/50252921100088953 Published online by Cambridge University Press


https://doi.org/10.1017/S0252921100088953

126 PHYSICAL STUDIES OF MINOR PLANETS

his table II. The B - ¥ and U ~ B columns are the colors at 5° phase; the period
is synodic unless the sidereal period is known. Amplitude ranges and the
number of oppositions observed are indicated. The hours column refers to the
number of hours of good lightcurves obtained.

Massalia was observed for the expressed purpose of determining magnitude-
phase relations at small phase angles, and the opposition effect was
discovered: a sharp increase in brightness from 7° phase on toward 0° phase
(Gehrels, 1956). Figure 6 illustrates.the phase relations along with the
opposition effect as they appeared with Lydia (Taylor, Gehrels, and Silvester,
1971). With Lydia, when B and U were plotted as a function of phase, it
appeared that the opposition effect was independent of wavelength. Also, the
opposition effect for Massalia, Vesta, and Lydia appeared the same, as is
illustrated in figure 7 (Taylor, Gehrels, and Silvester, 1971).

Certain asteroids should perhaps be reevaluated in view of our present
knowledge of the opposition effect. Three examples are as follows:

(1) The absolute magnitude and phase coefficient of 9 Metis was
determined using five observations, four of which were under 6°
phase (Groeneveld and Kuiper, 1954b).

(2) Observations of Iris near 23° phase yielded consistent ¥(1, 0) values
but a later run at 4° phase was 0.2 mag brighter than expected (van
Houten-Groeneveld and van Houten, 1958).

(3) ¥(1, 0) was found to be different by 0.01 mag for 12 Victoria before
and after opposition. For Victoria it was assumed that the
opposition effect started at phase angles less than 5°. In the linear
plot after opposition, three of four data points lie in the region of 5°
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Figure 6.—Phase functions of Lydia. Ordinates: top curve, the observed magnitudes (V on
the UBV system) reduced to unit distances from the Sun and Earth; middle curve, the
B - V colors; bottom curve, the U — B colors. Open circles are before opposition and
filled circles are after opposition.
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Figure 7.~Magnitude-phase relations of three asteroids.

to 6° phase (Tempesti and Burchi, 1969). If the assumption is made
that the opposition effect starts at 7° to 8° phase, I feel there may
be a unique V(1, 0).

SENSE OF ROTATION AND POLE DETERMINATIONS

To determine the sense of rotation of Eunomia, Groeneveld and Kuiper
(1954a) assumed the ecliptic latitude of the pole to be at 90° and used the
relation

AL
NP= At £ —P

where N is the number of cycles, P is the period, At, is time interval corrected
for light time, AL is the difference in ecliptic longitudes, the plus sign is used
for retrograde rotation, and the minus sign for direct rotation.

A retrograde solution gave smaller residuals in P for the two intervals
attempted. “‘Clearly ...some uncertainty may be introduced...by the
assumptions made concerning the position of the rotational axis” (Groeneveld
and Kuiper, 1954a). The van Houtens with additional data and using the same
method confirmed retrograde rotation; they present a concise and informative
discussion of limitations in their “Concluding Remarks” (van Houten-
Groeneveld and van Houten, 1958).

The sense of rotation of Vesta was determined by using many intervals of
both increasing and decreasing longitudes, and by assuming that the latitude of
the pole was high (Gehrels, 19672).

Groeneveld and Kuiper (19544) presented a pole determination method and
claim 10 percent precision if optimum conditions are met: axis fixed in space
and an observation at each of the stationary points of two successive
oppositions.

With 39 Laetitia, a formula was developed to adjust the period because of
the relative motions of Earth and the asteroid. The formula depends on
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knowing the pole orientation. An amplitude-aspect relation derived by Stobbe
(1940) and Beyer (1953) for Eros, scaled down, was applied to determine an
estimate of the pole. The investigators admittedly had limited precision (van
Houten-Groeneveld and van Houten, 1958).

The poles of eight asteroids were calculated by combining two techniques: a
sine relation between aspect and amplitudes, and a cosine relation between
absolute magnitude changes with respect to aspect (Gehrels and Owings, 1962).
It is not clearly established whether a sine relation is proper for those asteroids
studied.

With his work on Vesta, Gehrels developed what is now known as
“photometric astrometry.” The method is basically the same as that used by
Groeneveld and Kuiper for finding the sense of rotation of Eunomia. The main
difference is that Gehrels did not restrict his analysis to a 90° orientation of
the pole. He considered the asteroid-centric longitude changes between
observations for various pole possibilities. Those differences were applied as
corrections to the number of cycles for each interval. By attempting different
orientations, he sought minimum residuals from the mean sidereal period of
each trial. His method is ... independent of any assumptions regarding the
shape of the asteroid and the relationship between amplitude and the aspect.”
He also introduced a phase shift to correct for the displacement of the center
of light on the apparent disk due to the effects of phase. Gehrels compared his
data with earlier observations, over 20 000 cycles, to improve the precision
(Gehrels, 1967a); that part of the analysis will, however, have 1o be redone, as
is planned for a future paper, because the additional cycle correction for each
orbital revolution was omitted.

In the Hektor analysis (Dunlap and Gehrels, 1969), photometric astrometry
was used, but it was difficult to determine the number of cycles. There were
only a few observations over long intervals. As an aid, the relation
AN = +N(Pgy ;, - Pgiq)/Pgq Was used, where Py is the synodic period and Py
is the sidereal period. Figure 8 shows how the apparent number of cycles AV is
changed as a function of longitude for four different pole orientations. That
figure assumes the asteroid is on the ecliptic, as was the case with Hektor.

Figure 8 could not be used for Icarus because the asteroid was not on the
ecliptic. Figure 9 shows how the apparent number of cycles are affected if the
asteroid is 20° above the ecliptic. The entire photometric astrometry routine,
including the problems of cycles, was computerized before the Icarus analysis.
The concept of light centers was also introduced: the center of the projection
of the illuminated part of the disk, as seen from Earth, assuming uniform
reflectivity and a spherical shape. The light center is on the great circle through
the subsolar and sub-Earth points. The purpose for light centers is basically the
same as for Gehrels’ phase shift (Gehrels et al., 1970).

In conclusion, it is clearly seen that additional work is needed to improve
the quality and the extent of the sample in table I. I feel that high priority
should be given to improving pole determinations. For this purpose, high
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Figure 8.--The apparent change in cycle of asteroid rotation at various longitudes, plotted
for four values of the latitude of the pole, 90° longitude of pole; asteroid is on the

ecliptic.
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Figure 9.—Same as figure 8 except asteroid is 20° above the ecliptic.

precision is needed in the timing of lightcurves to establish precise epochs of
maximum or minimum light. Without precise timing, it is impossible to have
high precision when comparing epochs from different oppositions.
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