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Abstract

During its 2005 January opposition, the saturnian system could be viewed at an unusually low phase angle. We surveyed a subset of Saturn’s
irregular satellites to obtain their true opposition magnitudes, or nearly so, down to phase angle values of 0.01°. Combining our data taken at the
Palomar 200-inch and Cerro Tololo Inter-American Observatory’s 4-m Blanco telescope with those in the literature, we present the first phase
curves for nearly half the irregular satellites originally reported by Gladman et al. [2001. Nature 412, 163-166], including Paaliaq (SXX), Siarnaq
(SXXIX), Tarvos (SXXI), Jjiraq (SXXII), Albiorix (SXVI), and additionally Phoebe’s narrowest angle brightness measured to date. We find
centaur-like steepness in the phase curves or opposition surges in most cases with the notable exception of three, Albiorix and Tarvos, which are
suspected to be of similar origin based on dynamical arguments, and Siarnaq.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The irregular satellites of Saturn include those that have high
inclination and eccentric orbits; additionally they have large
semi-major axes relative to the regular satellites. In light of
these dynamical characteristics, these irregular satellites are be-
lieved to be captured bodies, not formed within Saturn’s proto-
planetary disk, but rather in more distant regions of the pre-solar
nebula and later perturbed into orbits about the saturnian sys-
tem (Gladman et al., 2001). With the exception of Phoebe,
which was discovered in 1899 (cf. Pickering, 1899), the sat-
urnian irregular satellites have been recently discovered, since
2000, and the brightest among these newest irregulars, Siarnaq
(SXXIX), is 20th mag (R band). Hence most of these bodies
are difficult to characterize with even meter-sized telescopes.
Nonetheless, several associations or groupings among the sat-
urnian irregular satellites have been proposed based on their ob-
served dynamical (Gladman et al., 2001; Cuk and Burns, 2004)
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and broad-band color (Grav et al., 2003; Grav and Holman,
2004) properties. Additionally, there have been several theo-
rized relations to other outer Solar System populations, such as
the comets, centaurs, and KBOs, based on spectral-photometric
(Grav and Holman, 2004; Buratti et al., 2005a), photometric
(Bauer et al., 2004), and spectroscopic (Owen et al., 1999;
Brown, 2000; Buratti et al., 2002; Clark et al., 2005) evidence,
as well as density constraints (Johnson and Lunine, 2005). An
accurate interpretation of the link to such minor body popu-
lations is critical to our understanding of the mechanisms of
volatile transport from the outer to the inner Solar System.
Volatiles in the inner Solar System, including H,O, are be-
lieved to originate in part from comets. The ultimate source of
these cometary bodies and volatiles is in the outer Solar Sys-
tem, specifically the Kuiper belt and Oort cloud (Luu, 1994;
Durda and Stern, 2000), where volatiles may survive since from
the time of Solar System formation. These inbound cometary
bodies must pass through the regions between the giant planets
(e.g., Horner et al., 2004), and tracing their intermediary path is
key to understanding the details of the transport process.

In order to test these relationships, and to sample the phase
curves of these outer Solar System bodies, we observed these ir-
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regular satellites during Saturn’s January 2005 opposition. This
opposition event was a unique opportunity to study the sat-
urnian system in that it afforded a rare low phase-angle (&)
viewing, down to a few hundredths of a degree (Verbiscer et al.,
2005a); these were circumstances that would not be repeated
for over four decades. If viewed from Saturn, or the irregu-
lar satellites Phoebe and Ymir, the Earth would have transited
the Sun during this rare opposition. Near the very narrowest of
phase angles, as o approaches its minimum (emin), the Sun’s
finite size begins to play a significant role in determining the
shape of a body’s phase curve. At angles on the order of the
Sun’s angular radius at the body’s heliocentric distance (aRr)
the phase curve is essentially blunted. Here the phase curve
flattens for angles significantly less than ar, as observed for
the case of the Moon by the Clementine mission (Buratti et al.,
1996). Our planned coverage of Ymir (omin & 0.01°, during the
2005 opposition) and Phoebe (amin & 0.02) would reach this
“turnover regime,” where omin < ar (0.029°). For Phoebe,
owing to approaching twilight, we were able to obtain data
down to o = 0.028°, less than ar by only about 4%, and so
the phase “turnover” effect could not have been very strong at
this point. However, for similar geometries with the Clementine
data (Buratti et al., 1996), the brightness value at « = 0.96ar
was less than 0.02 magnitudes from its opmi, value, which is
within the uncertainty of absolute photometry for most ground
based telescopes’ data points of this saturnian moon.

By comparison to the phase curves of other outer Solar
System bodies, one may identify possible links with minor
planet or comet populations. The centaurs, for example, have
been reported to have unusually steep phase curves (cf. Ela-
tus, Bauer et al., 2002; Pelion, Bauer et al., 2003; and 2000
EC98, Rousselot et al., 2005) with some G-parameter values
of <0. Members of the trans-neptunian populations have var-
ied phase curve responses ranging from similarly steep, with
reported negative IAU model G-parameters (Sheppard and Je-
witt, 2002) to the more shallow (cf. Pluto, with G ~ 0.8; Tholen
and Tedesco, 1994) with G-parameter values >0.2. Generally,
an object will appear to brighten as it is viewed from narrower
viewing phase angles. At angles of several tens to several de-
grees, the brightening is primarily owing to an object’s sur-
face roughness on scales greater than a few centimeters, as
the shadows that the larger surface features cast become hid-
den from view (cf. Seeliger, 1895; Buratti and Veverka, 1985;
Hapke, 1993). The phase response at angles smaller than ~5°
is referred to as the opposition surge. This portion of the
phase curve holds specific information regarding the particle
size and filling factors, or the surficial compaction, on cen-
timeter scales or smaller (Buratti et al., 1996), which may
be attributed to particle shadow hiding effects (Irvine, 1965;
Hapke, 1993). These phenomena dominate the opposition surge
when, for example, the reflectivity of the surface material is
low, so that the photons will be absorbed after multiple scatter-
ings and the reflected light does not have a chance to brighten
the shaded regions (Shkuratov and Helfenstein, 2001). Phe-
nomena with large multiple scattering components, such as
coherent back-scattering (CBS; Hapke, 2002) may contribute
to the opposition surge as well. Originally proposed to ex-

plain the opposition surges on multiply scattering, high albedo
surfaces (Oetking, 1966), but later shown to have a single-
scattering component as well (Helfenstein et al., 1997), CBS
is an effect caused by constructive interference between wave
fronts from light scattered off different surfaces, but traveling
along the same pathways in opposite directions (Ozrin, 1992;
Hapke, 1993; Nelson et al., 2000), and may contribute at very
narrow phase angles of <0.5°, to the opposition surge. How-
ever, as these two different effects driving the opposition surge
respond differently to the ratio of the mean particle size to
the observation wavelength, and lighter (p > 0.15) or darker
(p < 0.15) reflectance (Shkuratov and Helfenstein, 2001), it
may be possible, at least on darker surfaces, to distinguish be-
tween the two by sampling the narrow angle phase curves at
separate wavelengths, where the reflectance may differ. Specif-
ically, CBS theory predicts a strengthening of the opposition
surge at longer wavelengths (Hapke, 1993). Considering that
many of the irregular satellite surfaces are neutral or red, CBS
should further exhibit a secondary increase to the opposition
surge at longer wavelengths owing to the fact that the surface
albedos increase toward moderate values, whereas shadow hid-
ing should show a diminished surge as multiply scattered pho-
tons partly illuminate primary shadows.

2. Observations

The saturnian system went through its 2005 opposition on
the nights of January 13 and 14 UT. The irregular satellites
achieved minimum viewing phase from Earth at different times
over the two nights. The orbits of these moons extend many
tens of arcminutes over Saturn’s field of view. In order to ob-
tain data for as many satellites as possible, and to cover as
wide a range of phase angles as possible, we proposed for time
on both the Palomar 200-inch and the Cerro Tololo (CTIO)
Blanco 4-m telescopes, using wide field mosaic cameras to im-
age multiple satellites for many of the exposures. Our extended
coverage also allowed us to monitor for potential variation ow-
ing to rotational light curve signal. The Palomar Observatory’s
Large Format Camera (LFC) is a 6-chip 2k x 4k mosaic array,
with a 24 arcmin FOV (maximum extent) on a side. The CTIO
MOSAIC-2 camera is an 8-chip 2k x 4k mosaic array, with a
36 arcmin FOV on a side. We operated both cameras in 2 x 2
binning mode, with a 0.36 arcsec/pixel plate scale for the LFC
and a 0.54 arcsec/pixel plate scale for the MOSAIC-2, to con-
serve data storage space and minimize readout time. The seeing
exceeded the plate scale by at least a factor of 2 in both in-
stances. We observed in two filters, B and R bands, at both tele-
scopes. We chose these two filter passes in consideration of the
wavelength baseline separation, to detect any differences in the
opposition surges based on wavelength, along with the detector
responses and expected signal-to-noise (S/N) levels of our ob-
jects at both telescopes. Each chip was calibrated with Landolt
(1992) standard field stars, taken at multiple airmasses, for zero
point offsets, color terms, and extinction coefficients. Using
IRAF (Tody, 1986) to flatten and bias subtract the images, cos-
mic ray elimination was conducted “by hand,” by individually
replacing affected pixels with the average of the adjoining pix-
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Table 1

Observational circumstances

Dates (UT) Location Instrument Pixel scale? FOVP Seeing® Transparency

January 13, 5.0-8.1 CTIO MOSAIC-2 0.54 24 1.5 Mostly clear, thin cirrus at 9 UT
January 13, 3-14 Palomar LFC 0.36 24 2.0 Clear all night

January 14, 1.9-8.1 CTIO MOSAIC-2 0.54 24 1.5 Variable cirrus throughout night
January 14, 3-14 Palomar LFC 0.36 24 ? Thick clouds

@ Units of arcsec per pixel.
Y In units of arcmin on a side.
¢ Arcsec per FWHM

els. Counts were extracted from the images using an aperture
photometry technique, with 5 arcsec aperture diameters.

We were allocated two full nights, January 13 and 14 (UT),
on the Palomar 200-inch and the second half-night on the 13th
and the full night of the 14th on the CTIO 4-m telescope. The
observing conditions are summarized in Table 1. Our first night
on the 200-inch was clear, and our second was clouded over.
Our half-night on the 4-m was mostly clear, with cirrus arriv-
ing around 9 UT, allowing us to still calibrate our exposures.
The second night at the 4-m had variable cirrus throughout the
night, but we were able to conduct relative photometry on many
of our frames using background stars selected in the exposures
from the 13th taken at Palomar and CTIO. These background
stars were designated as “frame standards™ after looking for
photometric stability across the night of January 13th and re-
jecting any that showed signs of variability. After screening for
variability, three or more frame standards were selected that
overlapped both nights and these were used to compare with
each satellite’s signal. The uncertainties from the dispersion in
the frame standard magnitude offsets relative to their measured
magnitudes from the previous night are folded into the pho-
ton statistical uncertainties from the irregular satellites as listed
in our measured magnitudes (Table 2). The seeing at Palomar
on the night of the 13th was notably poorer than that at CTIO,
and so we introduced an offset ~ —0.07 to the LFC magni-
tudes, based on the differences between our frames standards,
in order to align our absolute magnitude values between the
two telescope data sets. Scattered light or secondary reflections
from Saturn was a problem with several of the exposures, as
the fainter objects had lengthy exposures on the order of 600 s.
Consequently, some of the frames were rejected on the basis of
the extremely high or locally varying background, and were not
included in the final reduction.

Our data for the satellites Albiorix and Siarnaq were sup-
plemented by images taken at Table Mountain Observatory’s
(TMO) 0.6-m telescope on September 23rd—October 15th of
2004. The other irregular satellites were too faint to observe
from TMO. The nights were photometric, and the data were re-
duced in a similar manner as the Palomar data; the extinction
and zero-point corrections were made using Landolt standards
(see Bauer et al., 2004 for a description of the reduction tech-
niques specific to TMO data). Exposures were 20 min in length,
and the uncertainty in each frame’s magnitude was large, ex-
ceeding their measured magnitude variations, and so we used
only the average magnitudes, reported in Table 3, in our analy-
sis.

3. Analysis
3.1. Phase curve photometry

The satellites discovered by Gladman et al. (2001) had few
actual samplings over a limited range of phase angle values
accessible to ground based viewing (o« < 6.4°). It was not pos-
sible, then, to fit more complicated phase models, such as that
developed by Hapke (1993), to the data thus far. However,
we were able to fit the AU model, similar to that developed
by Lumme and Bowell (Bowell et al., 1989) for the analy-
sis of asteroid phase curves. This model is essentially a fit to
only two parameters, zero-phase absolute (Solar-System) mag-
nitude, H (1, 1, 0), and the slope-parameter, G. The shape of the
phase curve is fixed by the value of G alone. The IAU model
is somewhat heuristic, and so only in as much as several aster-
oid phase curves sampled in the development of the model may
have included finite-solar-size effects does it incorporate such
effects at all. The IAU model is certainly not optimal in that it
ultimately leads one to a qualitative rather than quantitative in-
terpretation of certain physical parameters, such as the particle
filling factor. However, as it has been widely applied and may
be fit to a limited phase sampling of a particular object, it does
allow for a method of differentiation and comparison between
these satellites as well as with other outer Solar System small
bodies. We were able to obtain nearly accurate Hr(1, 1, 0) val-
ues, as most of our data included points sampled where the
phase angle was a few times, or in two cases less than, the solar
disk’s angular radius at Saturn’s distance. The results of the fits
are summarized in Table 4 and Figs. 1-7. With the exception
of Siarnaq and Phoebe, the rotational variations of the irregular
satellites are uncharacterized; Siarnaq’s is only partially charac-
terized (Buratti et al., 2005a). For the fitted data values (except
for Phoebe’s), uncertainties corresponding to a light curve am-
plitude identical to Phoebe’s were folded in to the photometric
uncertainties of the data points.

3.1.1. Phoebe

Phoebe’s phase curve data and fits are shown in Fig. 1, in-
cluding data from Bauer et al. (2004), Kruse et al. (1986),
and Degewij et al. (1980). In Fig. 1A, the averages of the R-
and B-band magnitudes are shown, after the rotational ampli-
tude offsets were removed. The B-band data were shifted in
the figure based on colors from the literature (Degewij et al.,
1980). The amplitude offsets were estimated from Bauer et al.
(2004) using the ephemeris longitudes provided by JPL’s Hori-
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Table 2
Observed magnitudes
Time (UT)/date (MID)? Exp. (s) o (°)P Filter mg B° H(1,1,a)¢ o Comments

Phoebe [R =9.15, A =8.16]°
January 13 [PA = 280.5°, A6 = 1190"]f
03:38:33/3383.651811 7 0.067 R 15.558 6.192 0.022
04:40:37/3383.694913 7 0.062 R 15.675 6.309 0.023
04:43:15/3383.696742 7 0.062 R 15.674 6.308 0.023
06:12:12/3383.758513 7 0.054 R 15.637 6.271 0.023
06:22:40/3383.765781 7 0.053 R 15.621 6.255 0.022
06:45:53/3383.781904 7 0.051 R 15.636 6.270 0.021
06:51:49/3383.786024 7 0.051 R 15.646 6.280 0.021
06:53:34/3383.787240 7 0.051 R 15.631 6.265 0.021
07:54:13/3383.829358 7 0.046 R 15.591 6.225 0.022
07:59:37/3383.833108 7 0.045 R 15.607 6.241 0.022
11:13:00/3383.967402 7 0.029 R 15.589 6.223 0.022
11:14:07/3383.968177 7 0.029 R 15.613 6.247 0.022
04:23:31/3383.683038 7 0.064 B 16.678 7.312 0.028
06:24:44/3383.767216 7 0.053 B 16.579 7.213 0.062
06:27:08/3383.768883 7 0.052 B 16.585 7.219 0.081
07:56:09/3383.830700 7 0.045 B 16.627 7.261 0.076
07:57:55/3383.831927 7 0.045 B 16.658 7.292 0.094
11:19:17/3383.971765 7 0.028 B 16.659 7.293 0.027
11:20:32/3383.972633 7 0.028 B 16.564 7.198 0.027
January 14 [PA = 280.3°, A6 = 1205"]
01:54:47/3384.579751 7 0.044 R 15.643 6.277 0.032
02:04:45/3384.586979 60 0.044 R 15.637 6.271 0.068 Thickening cirrus
02:27:22/3384.602454 20 0.046 R 15.659 6.294 0.032 Thickening cirrus
02:37:48/3384.609670 15 0.047 R 15.705 6.339 0.038 Thickening cirrus
02:40:55/3384.611834 15 0.047 R 15.681 6.315 0.028 Thickening cirrus
04:25:41/3384.684531 7 0.056 R 15.637 6.272 0.031
04:31:26/3384.688536 7 0.057 R 15.641 6.275 0.022
06:22:24/3384.765596 7 0.066 R 15.585 6.219 0.022
07:42:40/3384.821337 7 0.073 R 15.575 6.210 0.024
07:45:26/3384.823258 7 0.073 R 15.589 6.224 0.027
02:30:31/3384.604641 20 0.046 B 16.617 7.252 0.022 Thickening cirrus
02:33:45/3384.606887 20 0.047 B 16.564 7.198 0.027 Thickening cirrus
04:28:36/3384.686568 7 0.056 B 16.551 7.185 0.021
04:30:00/3384.687888 7 0.057 B 16.606 7.241 0.020
06:19:37/3384.763663 7 0.065 B 16.550 7.184 0.020
07:44:00/3384.822263 7 0.060 B 16.559 7.194 0.024

Ymir [R =9.16, A =8.18]

January 13 [PA = 78.4°, A =968"]
07:24:23/3383.810336 300 0.111 R 21.101 11.845 0.073
07:31:33/3383.815313 300 0.110 R 21.046 11.800 0.077
January 14 [PA=77.9°, A@ =953"]
08:02:13/3384.836609 300 0.012 R 21.102 11.736 0.114

Paaliaq [R =9.10, A =8.12]
January 13 [PA = 323.9°, A9 = 3469"]
07:40:01/3383.821192 300 0.073 R 20.597 11.254 0.041
07:47:00/3383.826042 300 0.073 R 20.521 11.178 0.038
08:42:33/3383.864618 300 0.076 R 20.705 11.362 0.037
08:50:53/3383.870405 300 0.076 R 20.705 11.363 0.037
09:08:11/3383.882419 300 0.056 B 21.866 12.523 0.076
January 14 [PA = 324.0°, A6 = 3464"]
03:42:21/3384.656146 300 0.117 R 20.635 11.294 0.052
05:21:54/3384.725278 300 0.124 R 20.470 11.127 0.082
07:20:33/3384.807674 300 0.132 R 20.484 11.142 0.083
03:50:00/3384.661458 300 0.090 B 21.895 12.552 0.118
07:26:48/3384.812014 300 0.110 B 22.018 12.675 0.133

(continued on next page)
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Table 2 (continued)
Time (UT)/date (MJD)? Exp. (s) o (0P Filter mR B¢ H(,1,a)d o Comments
Siarnaq [R = 8.94, A =7.96]
January 13 [PA = 210.8°, A9 = 3405"]
03:44:25/3383.656539 120 0.118 R 19.424 10.163 0.028
03:48:33/3383.659410 120 0.118 R 19.495 10.234 0.029
06:32:26/3383.773218 120 0.110 R 19.552 10.291 0.034
06:48:28/3383.784352 120 0.109 R 19.5047 10.242 0.034
03:53:55/3383.663137 120 0.117 B 20.810 11.549 0.063
03:58:57/3383.666632 120 0.117 B 20.832 11.570 0.065
04:04:52/3383.670741 120 0.116 B 20.933 11.672 0.047
04:11:44/3383.675509 120 0.116 B 20.851 11.590 0.055
06:42:57/3383.780521 120 0.109 B 20.800 11.538 0.049
January 14 [PA = 211.0°, A6 = 3409"]
02:44:21/3384.614826 120 0.108 R 19.582 10.321 0.033
02:50:48/3384.619306 120 0.109 R 19.567 10.305 0.044
04:34:05/3384.691030 120 0.113 R 19.466 10.205 0.026
04:41:27/3384.696146 120 0.113 R 19.513 10.251 0.028
06:24:47/3384.768252 180 0.118 R 19.584 10.322 0.025 Cirrus
06:40:11/3384.778947 180 0.118 R 19.554 10.293 0.042 Cirrus
07:47:17/3384.824850 60 0.121 R 19.506 10.245 0.034
07:51:49/3384.827998 60 0.122 R 19.550 10.289 0.033
02:54:18/3384.621736 120 0.109 B 20.927 11.666 0.063
02:57:28/3384.623935 120 0.109 B 20.875 11.614 0.054
04:37:51/3384.693646 120 0.113 B 20.779 11.518 0.054
07:49:24/3384.826319 60 0.121 B 20.922 11.661 0.081
Tarvos [R = 8.99, A =8.01]
January 13 [PA = 72.5°, A§ =3627"]
10:41:34/3383.947269 300 0.174 R 22.283 12.996 0.192
10:48:03/3383.951655 300 0.173 R 21.840 12.553 0.127
January 14 [PA = 72.5°, A9 =3613"]
03:57:31/3384.666678 300 0.095 R 22.130 12.843 0.197
04:03:42/3384.670972 300 0.095 R 22.049 12.762 0.211
07:34:33/3384.817396 300 0.080 R 21.984 12.697 0.221
Ijiraq [R =9.00, A =8.01]
January 13 [PA = 301.9°, A9 = 848"]
07:14:53/3383.803738 300 0.037 R 22.158 12.869 0.293
11:05:46/3383.964190 300 0.044 R 21.932 12.643 0.232
Albiorix [R =8.94, A =7.95]
January 13 [PA = 238.7°, A9 = 2844"]
06:10:21/3383.757882 120 0.063 R 20.192 10.859 0.025
06:16:31/3383.762164 120 0.062 R 20.261 10.929 0.026
06:32:26/3383.773218 120 0.062 R 20.232 10.973 0.038
06:48:28/3383.784352 120 0.061 R 20.098 10.838 0.035
07:43:48/3383.822778 120 0.058 R 20.124 10.792 0.023
04:29:37/3383.687928 120 0.067 B 21.452 12.193 0.022
04:31:14/3383.689051 120 0.066 B 21.463 12.204 0.022
06:42:57/3383.780521 120 0.061 B 21.489 12.230 0.093
07:09:36/3383.799028 120 0.060 B 21.538 12.279 0.057
07:15:41/3383.803252 120 0.059 B 21.489 12.230 0.056
07:23:23/3383.808600 120 0.059 B 21.426 12.167 0.041
January 14 [PA = 238.8°, A9 =2857"]
02:44:21/3384.614826 120 0.096 R 20.104 10.845 0.052
02:50:48/3384.619306 120 0.097 R 20.171 10.912 0.071
04:34:05/3384.691030 120 0.104 R 20.112 10.853 0.038
04:41:27/3384.696146 120 0.104 R 20.055 10.796 0.040
06:24:47/3384.767905 120 0.112 R 20.169 10.909 0.035
06:35:57/3384.775660 180 0.113 R 20.240 10.981 0.353 Cirrus
06:40:11/3384.778600 180 0.113 R 20.075 10.816 0.062 Cirrus
07:47:17/3384.825197 120 0.118 R 20.208 10.949 0.059
07:51:49/3384.828345 120 0.118 R 20.094 10.835 0.061

(continued on next page)
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Table 2 (continued)
Time (UT)/date (MID)? Exp. (s) o (°)P Filter mR B¢ H(l,1,a)¢ o Comments
02:54:19/3384.621748 120 0.097 B 21.3654 12.106 0.109
02:57:28/3384.623935 120 0.098 B 21.338 12.079 0.096
04:37:51/3384.693646 120 0.104 B 21.480 12.221 0.094
07:49:24/3384.826319 60 0.118 B 21.259 12.000 0.122

@ UT start time of integration and central integration time in units of JD-2450000.0.

b Satellite phase angle at the time of observation.

¢ Observed R- or B-band magnitude.

d Magnitude corrected for distance alone, without phase correction.

¢ Satellite’s heliocentric (R) and observer (A) distance in AU.

f

ephemerides service (http://ssd.jpl.nasa.gov).

Position angle (PA) form Saturn’s center, in degrees, and separation (Af) from Saturn in units of arcsec. Geometric data obtained from JPL’s Horizon’s

Table 3

TMO observational summary and average magnitudes

Object Dates (2004) R A o mR Hr(1,1,@) o Comments

Albiorix 09/23-10/15 9.15 8.92 6.2 20.65 11.11 0.11 Individual point dispersions
Siarnaq 09/23-10/15 9.13 8.92 6.2 20.23 10.67 0.12 were folded into o

Table 4 demonstrated by comparison of the R- and B-band fit results
TAU 2-parameter model fits shown in Table 4; the IAU model slope parameter is steeper
Object  Hg Hp Gr Gp in B (G = —0.07 £ 0.03) by 3 standard deviations from the
Phocbe  6.24+0.009  7.186+0.008 +0.02+0.03 —0.07+003  R-band value (G = +0.02 + 0.03). No significant brightening
Albiorix  10.86£0.01  12.1440.04 +0.394+0.06 +0.33+0.12 trends were apparent for phase values of less than 0.08°.

Tarvos 12.73 £0.08 - +0.42+024 —

Siarnaq  10.38£0.04  11.77 £0.03 +0.45+£0.17 +0.41£0.18 o

Palig 11235004 12544003 40044012 —0.13+014 512 Albiorixand Tarvos o
Tjirag 12734011  — 0114017 — The irregular satellites we sampled from the 34° inclination

zon’s ephemeris service (http://www.ssd.jpl.nasa.gov), which
was updated using the Bauer et al. (2004) and recent Cassini
observations (cf. Clark et al., 2005). The appropriate offsets
for each data point were determined from a box-car average
of the individual point offsets from the Bauer et al. (2004)
light curve within 10° of the longitudes corresponding to the
points from the January 2005 data. The individual magnitude
points, with the light curve amplitude removed, are shown in
Fig. 1B. The model fits were made for the R-band data, with
the best fit model indicated by the solid lines and fit uncertain-
ties by dashed and dotted lines. The former model fits, based
upon the analysis in Bauer et al. (2004), similar to the Kruse
et al. (1986) analysis, are shown as a magenta dot-dashed line.
It is clear from the opposition data’s location in panels A and
B that the opposition surge is stronger than predicted. This
finding resulted in a steeper fit (lower G-parameter value, see
Bauer et al., 2002) to the data, and a G-value more consis-
tent with those measured for centaur bodies (Bauer et al., 2003;
Rousselot et al., 2005). The B-band data, offset to align with the
R-band data using Phoebe’s B-R colors (Degewij et al., 1980),
and indicated by the green data points, show a yet stronger
surge at these shorter wavelengths. The literature colors used
were derived from color photometry obtained when Phoebe was
viewed at phase angles of several degrees. Hence, the B-band
data points offset at o < 0.2° is caused by a comparatively
stronger opposition surge at these shorter wavelengths. This op-
position surge strengthening at shorter wavelengths is further

group, Albiorix and Tarvos, are shown in Figs. 2 and 3. The
averages of the B (offset to align with R using the Grav et al.
(2003) colors, which were obtained at higher phase angles than
our data’s colors) and R-band points are shown in Figs. 2A—
7A. No rotational variation was subtracted from the opposition
points in B, as the rotation states of any of the Gladman et
al. (2001) satellites are not fully characterized. The R-band
data values used to fit the IAU phase curve model are indi-
cated as black points. Fig. 2 shows data points from Grav et
al. (2003) and Grav (2006; in preparation), which were used
to fit the IAU model. The o = 5.2° R-band photometry from
Grav (2006; in preparation) was an average over several points,
likely spanning the rotational light curve amplitude estimated
to be ~0.05mR. Individual data points obtained at JPL’s Table
Mountain Observatory’s 0.6-m telescope are also shown along
with their average, which was used in the phase curve model fit
as well. Discovery data points were not used for Albiorix owing
to the relatively large range of values first reported (Gladman
and Holman, 2000). The B-band data for Albiorix was also fit
with an IAU model, and the results are tabulated in Table 4. As
with Siarnaq and Paaliaq, the B-band data fit yielded slightly
steeper slope parameters, but not significantly different, from
the R-band fits. Only three phase angle data clusters were used
to fit the Tarvos phase curve; the data near 6° phase angle were
from Grav (2006; in preparation), and at 4.4° were from Grav
et al. (2003). The discovery data points are also used in the fits
(Gladman et al., 2000a). Our estimate of the error in the dis-
covery data points was on the order of 0.2 magnitudes, as it was
unclear whether these values were from completely reduced im-
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Fig. 1. Phoebe’s phase curve data. Panel A shows the data points from the literature, including the R-band data from Bauer et al. (2004) (red, or gray, triangles), the
B-band (green, or gray, dots) and R-band (black dots) from Kruse et al. (1986) and Degewij et al. (1980), and the average R-band (blue, or dark, square) and B-band
(green, or light, star) from Saturn’s 2005 opposition. The B-band points are offset to align with the R-band data using B-R colors from Degewij et al. (1980). The
lines indicate the IAU 2-parameter model fits to the R-band data. The magenta (or gray) dot—dash line is for a previous fit to the Bauer et al. (2004) data yielding
a slope parameter G of 0.15. The black solid line indicates our best fit including our 2004 data and the R-band 2005 average, while the dotted and dashed lines
indicate the limits of the errors (see Table 4). Panel B shows a close up of the opposition surge’s 2005 R- and B-band data points with the rotational light curve
amplitude removed. The vertical dotted line indicates the Sun’s angular radius. Note the offset of the B band indicating a possibly stronger opposition surge in the

B band.

ages, or if so, what the formal uncertainty was in the reported
values. The uncertainty in the other photometry points from the
literature were on the order of the dispersion we found in our
2005 opposition data set. The data reveal a shallow phase-curve
with fit parameters similar to those of Albiorix. No B-band data
were available for Tarvos, but the B-band opposition surge data
for Albiorix show only a slightly brighter offset at the narrowest
of angles, well below a 3-o significance level. As in Figs. 1, 4,
6, and 7, the model fits shown were made for the R-band data,
with the best fit model indicated by the solid lines and fit un-
certainties by dashed and dotted lines. For both satellites, the

opposition surge was well-fit by the overall phase curve model
derived from the entire data set.

3.1.3. Siarnaq

Siarnaq’s phase curve is shown in Fig. 4A, and our oppo-
sition surge data points are plotted in Fig. 4B. Siarnaq was
reported by Buratti et al. (2005a) to show rotational bright-
ness variations on the order of 6 h or more and an amplitude
~0.05mR, smaller than the phase brightening effects we re-
port here. Our data were consistent with a rotational light curve
period of similar nature, but we were unable to place further
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Fig. 2. The phase curve of Albiorix. Panel A shows the higher phase magnitudes, including the R-band data (red, or gray, triangles) and B-band (green, or gray,
pentagons) from Grav et al. (2003) and Grav (2006; in preparation), and the TMO 0.6-m R-band values (cyan, or light gray, xs) along with their average value
(cyan, or light gray, open circle). The B-band values in the graph have been offset to align with the R-band magnitudes using the B-R colors from Grav et al. (2003).
The average R-band (blue, or dark gray, square) and B-band (green, or gray, star) magnitudes from Saturn’s 2005 opposition are also shown. The black diamond
overlays indicate which points were used for the model fits. As in Fig. 1, the black lines indicate the IAU 2-parameter model fits to the data (see Table 4) with the
solid line indicating the best fit and the dot and dashed lines the fit’s 1-o uncertainty extrema. The magenta dot-dashed line, included for comparison, is for a model
with slope parameter G of 0.15. Panel B shows a close up of the opposition surge’s 2005 individual R- (blue square) and B-band (green star) magnitudes. The
black diamond data point is the R-band average magnitude shown for comparison. The vertical dotted line indicates the Sun’s angular radius. Unlike Phoebe, there
appears to be no significant offset between the B- and R-band opposition points. The two sets of error bars on the opposition surge magnitude averages are based on
the dispersion of the points (larger value) and the statistically propagated errors (smaller value), which necessarily assumes no true significant intrinsic variation in
the magnitudes over our sample.

meaningful constraints on the light curve characteristics. The
higher phase angle magnitude values yield extremely shallow
phase curve fits, uniquely so, and of the order of bright icy
bodies, such as the satellite Europa or planet Pluto. Indeed, our
model seems of limited use in this instance, as Siarnaq’s oppo-
sition surge portion of the curve appears too steep to fit with an
TAU-type function. The steepnesses of the B- and R-band oppo-
sition surges appear to be similar, within the uncertainties, but

the magnitude of the narrow (<1°) opposition surge appears to
be comparable or greater than that of Phoebe’s. We used Grav
(2006; in preparation) and TMO data points, and the discovery
data points in our R-band model fits. The B-band data for Siar-
naq was also fit with an TAU model, and the results are tabulated
in Table 4. The B-band data fit yielded slightly steeper slope pa-
rameters when compared to the R-band fits, but not significantly
different.
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Fig. 3. The phase curve of Tarvos. Panel A shows the higher phase magnitudes, including the R-band data (red triangles) from Grav et al. (2003) and Grav (2006;
in preparation). The average R band (blue square) from Saturn’s 2005 opposition and the discovery data set (magenta asterisks; Gladman et al., 2000a) and its
average (magenta open circle) are also shown. The black diamond overlays indicate which points were used for the fits. As in Fig. 2, the black lines indicate the
TAU 2-parameter model fits to the data (see Table 4) with the solid line indicating the best fit and the dot and dashed lines the fit’s 1-o uncertainty extrema. A model
with slope parameter G of 0.15 is included for comparison (magenta dot-dashed line). Panel B shows a close up of the opposition surge’s 2005 R-band data points,
and no rotational light curve was discernable from our points shown here. The vertical dotted line indicates the Sun’s angular radius.

3.1.4. Ymir, Paaliaq, and Ijiraq

Recent work by Grav (2006; in preparation) suggests a
higher than expected light curve amplitude for the satellite
Ymir (amplitude ~0.2mR). Only R-band data were available
for the opposition data set. Ymir is the only satellite in our
data set, with the possible near-exception of Phoebe, for which
our data cover the true opposition signal, i.e., when the phase
angle is considerably less than the solar angular radius. How-
ever, only three observation points were successfully made
of Ymir, two of which were made only 7 min apart. Hence,
the average of these three points may not be representative
of the true light curve average, and we do not attempt to

fit a phase curve (Fig. 5). For Paaliaq, the R-band fit ap-
pears poorer by eye (Fig. 6), especially at higher phase an-
gle samplings. However, our multiple opposition photometry
points taken in January 2005 likely have sampled the range of
the rotational variation, and the data point at o = 5.3° from
Grav (2006; in preparation) was derived from multiple points
which similarly sampled the light curve’s range (amplitude
~0.1mpR). It is clear that a fairly steep slope parameter value
(G £ 0.15) fits best, and this satellite’s phase curve is remi-
niscent of some centaur phase curves (e.g., Bauer et al., 2002;
Rousselot et al., 2005). B-band data were fit with the IAU model
as well, and yielded steeper results (lower G-parameter values)



J.M. Bauer et al. / Icarus 184 (2006) 181-197

LA B L

A Grav et al. 03 & Grav 06 (R)

Siarnaq
% O Discovery points (R-band)

This Work (R-band)

TTTT

Fitted Points (R-band)

and) 4

e b b b b b b b bown s b Ly n Lo g baaa |

15 2 25 3 35 4 45 5 55 6 6.5

7 75
Phase Angle

190

10 - .

= I =

-

el

=

o 105
11 -

0 05 1
(A)

10 — T T T T T 7T
10.1 |

= I

. 102

~ L

ot i

‘E L

o 103
10.4 _
10_5 [ 1 L : 1 1 I n L L 1 "

0 0.05 0.1
(B)

N -
0.15

Phase Angle

Fig. 4. The phase curve of Siarnaq. Panel A shows the higher phase magnitudes, including the R-band data (red triangles) and B-band (green pentagons) from Grav
et al. (2003) and Grav (2006; in preparation), the discovery data points (magenta asterisks; Gladman et al., 2000a) and average (magenta open circle) and the TMO
0.6-m R-band (cyan- xs) values along with their average value (cyan open square). The B-band values in the graph have been offset using the B-R colors from Grav
et al. (2003). The average R band (blue square) and B band (green star) from Saturn’s 2005 opposition are also shown. The black diamond overlays indicate which
points were used for the model fits. As in Fig. 1, the black lines indicate the IAU 2-parameter model fits to the data (see Table 4) with the solid line indicating the
best fit and the dot and dashed lines the fit’s 1-o uncertainty extrema. The magenta dot-dashed line, included for comparison, is for a model with slope parameter
G of 0.15. Panel B shows a close up of the opposition surge’s 2005 R- and B-band data points similar to that in Fig. 2. The vertical dotted line indicates the Sun’s
angular radius. Unlike Phoebe, there appears to be no significant offset between the B- and R-band opposition points.

to the R-band fit, but this does not include the multiply-sampled
data values at 5.3° from Grav (2006; in preparation) which were
provided only in the R band, and the statistical uncertainty over-
laps the slope-parameter fit for the R band. The B-band data
points in Fig. 6 are offset to align with the R band using the
Grav et al. (2003) colors, as with Albiorix and Siarnaq. The
B- and R-band opposition surges nearly match. In the case of
Paaliaq, the opposition surge is still slightly steeper than what
the IAU models predict.

The data for the satellite Ijiraq (R band only; Figs. 7A and
7B) again provided a steep phase curve fit. However, the un-

certainties in the magnitude values, ~0.2, are fairly large, and
the large range in the three opposition surge sample points may
be caused in part by a large rotational light curve amplitude,
although the S/N of our data are too low to constrain this possi-
bility.
3.2. B-R colors and peak Hr(1, 1, )

The Palomar and CTIO colors and peak R band magnitude
values are summarized in Table 5.

These are the values measured for o &~ amin, where omin <
ar only for Phoebe and Ymir, and o < 0.1° for the remain-
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Fig. 5. The phase data points of Ymir. Panel A shows the higher phase magnitudes, including the R-band data (red triangles) from Grav et al. (2003) and Grav (2006;
in preparation), and the R-band discovery points from Gladman et al. (2000b) (magenta asterisks, assuming a 0.2 magnitude uncertainty) along with their average
value (magenta open circle). The average R band (blue square) from Saturn’s 2005 opposition is also shown. No phase curve fits were attempted, owing to Ymir’s
reportedly large rotational light curve amplitude Grav (2006; in preparation). Panel B shows a close up of the opposition 2005 R-band data points. A possible (<1-o
significance) brightening may have been detected in lowest phase angle point. The vertical dotted line indicates the Sun’s angular radius.

ing satellites in our sample. Our color measurements of the
Gladman et al. (2001) satellites agree with Grav et al. (2003)
within the limits of our statistical uncertainty. However, at op-
position, Phoebe appeared brighter in B than predicted by ei-
ther Grav et al. (2003) or other sources in the literature (e.g.,
Degewij et al., 1980 and Kruse et al., 1986), yielding a B-R
value for our opposition magnitudes which is lower than ex-
pected.

4. Discussion
These data represent a unique set of photometric observa-

tions of outer Solar System objects. Not only are they the
first observations of the phase curves opposition surges of the

Gladman et al. (2001) satellites, they provide some of the nar-
rowest phase angle observations reported to date. The observa-
tions took place at unique geometries for an outer Solar System
body in that in two cases the phase angle was less than the ra-
dius subtended by the solar disk at the satellite’s heliocentric
distance. At these angles, it may be expected that the oppo-
sition surge would begin to plateau in brightness, as the rays
from opposite sides of the solar disk intercept the satellite’s sur-
face at different incident angles. This plateau should have been
reached for Phoebe and Ymir, although for Phoebe, the effects
of solar limb darkening may have diminished the finite-solar-
disk effect by a few percent at its sampled phase angle. Except
for possibly Ymir’s smallest phase angle point, and a possible
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Fig. 6. The phase curve of Paaliaq. Panel A shows the higher phase magnitudes, including the R-band data (red triangles) and B-band (green pentagons) from Grav et
al. (2003) and Grav (2006; in preparation), and the discovery data points (magenta asterisks) and average (magenta open circle; Gladman et al., 2000b). The B-band
values in the graph have been offset using the B-R colors from Grav et al. (2003). The average R band (blue square) and B band (green star) from Saturn’s 2005
opposition are also shown. The black diamond overlays indicate which points were used for the model fits. As in Fig. 1, the black lines indicate the AU 2-parameter
model fits to the data (see Table 4) with the solid line indicating the best fit and the dot and dashed lines the fit’s 1-o uncertainty extrema. The magenta dot-dashed
line, included for comparison, is for a model with slope parameter G of 0.15. Panel B shows a close up of the opposition surge’s 2005 R- and B-band data points.
The vertical dotted line indicates the Sun’s angular radius. Unlike Phoebe, there appears to be no significant offset between the B- and R-band opposition points.

subtle brightening trend for Phoebe’s opposition surge magni-
tudes, little difference can be seen between the opposition surge
behavior when the phase angle became less than the solar disk
size and when it was larger, out to o & 0.1°. Statistically, these
narrowest angle brightenings for Phoebe and Ymir are not sig-
nificant differences in the magnitudes, especially in the case of
Ymir, which does not have its rotation light curve adequately
sampled here, and may have a large light curve amplitude (Grav,
2006; in preparation).

Starting with the most well characterized satellite, we note
that Phoebe’s phase curve shows a considerably steep slope. At
visual wavelengths, Phoebe appears to have a C-type spectrum

(Buratti et al., 2002), and resolved measurements by spacecraft
observations yield albedo estimates that would place Phoebe
at the brighter end of the C-type asteroids. The near-infrared
spectrum (1 to 5 um) of the non-ice region of Phoebe, however,
matches that of the dark side of Iapetus (Buratti et al., 2005b),
and Phoebe’s unique environment is potentially more collision-
ally active relative to the asteroid main belt and may explain
its battered appearance (e.g., Neukum et al., 2005); the C-type
analogy may not be universally rigorous. Over the entire phase
curve sampled here, the IAU model fit to the data yields a value
of G = +0.02 £ 0.03, comparable to the extreme end of the
darkest C- or D-type asteroids and perhaps more appropriately
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Fig. 7. The phase curve of Ijiraq. Panel A shows the higher phase magnitudes, including the R-band data (red triangles) from Grav et al. (2003) and Grav (2006;
in preparation), and the R-band discovery points from Gladman et al. (2000c) (magenta asterisks, assuming a 0.25 magnitude uncertainty) values along with their
average value (magenta open circle). The dispersion in the individual magnitude measurements was folded into the reported uncertainties of the averages. The
average R band (blue square) from Saturn’s 2005 opposition is also shown. The black diamond overlays indicate which points were used for the fits. As in Fig. 1,
the black lines indicate the IAU 2-parameter model fits to the data (see Table 4) with the solid line indicating the best fit and the dot and dashed lines the fit’s 1-o
uncertainty extrema. A model with slope parameter G of 0.15 is included for comparison (magenta dot-dashed line). Panel B shows a close up of the opposition
surge’s 2005 R-band data points, and no rotational light curve was discernable from our points shown here. The vertical dotted line indicates the Sun’s angular

radius.

very near the mean of reported centaur phase curves (~0.01
considering Bauer et al., 2003 and Rousselot et al., 2005). An
identical method was applied to points excluding the opposi-
tion surge by Bauer et al. (2004), and earlier by Kruse et al.
(1986), and yielded similar G-parameters near 0.15, consis-
tent with mid-range C- and D-type asteroids and some centaur
phase curves. Hence, the sampling of the opposition surge sig-
nificantly changed the fit. In considering which is a better fit
overall, Simonelli et al. (1999) conducted Hapke model fits to
the Voyager data set with more extensive coverage at higher
phase angles, and adopted a phase integral value, g, on the or-

der of 0.24, which would roughly correspond to a G-parameter
near or less than 0, while a G = 0.15 would yield a ¢ = 0.39
(Bowell et al., 1989).

In consideration of cross comparisons among these irregu-
lar satellites, one group stands out. Table 4 shows the phase
curve 2-parameter [AU model fit results, including the fit slope
parameter values, G, and peak 0° phase angle brightness,
Hgr(1,1,0). The fits were made using the R band magnitudes,
since these spanned the largest phase angle coverage among
the data sets. The satellites we sampled from the 34° inclina-
tion (i = 34°) group, Albiorix and Tarvos, have comparatively
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Table 5

Measured colors and HR (1, 1, 0)

Object HR(1,1,0) oH B-R OB—R
Phoebe 6.26 0.03 0.95 0.06
Albiorix 10.87 0.06 1.32 0.08
Tarvos 12.77 0.16 - -
Siarnaq 10.28 0.05 1.31 0.04
Paaliaq 11.24 0.10 1.30 0.20
Ymir 11.89 0.12 - -
Ijiraq 12.75 0.15 - -
Solar - - 1.01 0.03

shallow phase curves and muted opposition surge peaks. Slope
parameters of ~0.4 fit the measurements for both satellites rea-
sonably well (within the 1-o uncertainty), including the oppo-
sition surge points. These are the only satellites we sampled
where this is the case. Most others (all but one; Siarnaq) show
significantly steeper phase curve slopes across the phase angles
sampled, and all show stronger opposition surges. This phase
curve analysis has independently identified these satellites as a
potentially special group, with slope parameter values similar to
moderate-albedo asteroids, such as S-, Q- or M-type (Bowell et
al., 1989). The cause of the surge suppression may be a higher
surface compaction state. In any event, the observation serves as
further evidence that the bodies of the i = 34° dynamical class
are related in origin as well as unique from the other irregulars.

Cuk and Burns (2004) identified the Albiorix group (“Gaul-
ish cluster”) as being “non-main-sequence” irregulars, suggest-
ing a unique origin apart from the other newly discovered ir-
regulars. Their shared phase curve shapes may serve as further
evidence for their shared and distinct origin. Although they pos-
sess similar inclinations (i & 46°), Siarnaq, Paaliaq, and Ijiraq
all seem to inhabit different dynamical groupings associated
with resonances (Cuk and Burns, 2004). Hence, one may not
expect that they necessarily have a common origin, as Tarvos
and Abliorix might. Our phase curve observations generally
support this possibility. The difference in the phase curve fits
from this group show different slope parameters, ranging from
GR values of —0.11 to +0.45.

Siarnaq’s phase curve is nearly flat, and shallower at higher
phase angles than any of the others. Our IAU model fits for
this satellite show the largest slope parameter of our sampled
objects (G = 0.45 £ 0.17), on the highest end of the typical
range of main belt asteroids (G ~ 0.1 to 0.5; Bowell et al.,
1989), similar to an E-, R- or V-type. The steep opposition
surge, ~0.2 magnitudes for o < 0.8°, is not altogether differ-
ent from those observed on other outer Solar System satellites.
Europa, for example, has a fairly weak phase curve slope un-
til angles of o < 1° (Helfenstein et al., 1998) while Hapke
modeling predicted a higher porosity (Domingue and Verbiscer,
1997) among the smaller particles. The same may be said for
the uranian satellite Oberon, a comparatively darker object, but
with a similar phase curve brightening for o < 1° (Helfenstein
et al., 1991). The behavior of Siarnaq’s phase curve, steep for
phase angles short-ward of 0.8°, and shallow at phase angles
long-ward of 0.8°, is unique among our sample of satellites.
Siarnaq is the largest (or at least the brightest) of the new irregu-

lar satellites, and so could have maintained the most substantial
regolith.

The remaining irregular satellites in our sample show con-
siderably steeper phase curves, with more prominent opposition
surges. Paaliaq shows a steep phase curve, with a fitted phase
curve slope parameter near zero. ljiraq, with a similar inclina-
tion as Siarnaq, has the apparently steepest slope fit, but our
data have admittedly poorer S/N for this object, and only three
phase angles sampled and two photometry points at opposition.
Still, even with the slope parameter’s uncertainty, Ijiraq’s phase
curve steepness is at least near the centaur mean, as opposed
to within the range of most main belt asteroids. Indeed, phase
curve fits for these two satellites, which yield slope parameter
values spanning +0.04 to —0.13, are similar to those of the cen-
taurs (e.g., Bauer et al., 2003 and Rousselot et al., 2005); this
may be indicative of similar origin between these irregulars and
the centaur population.

Many outer Solar System bodies have phase curves that have
steep G parameters when fit to the IAU model, and it is worth
testing whether the observed opposition surge is an effect of
being able to sample the body’s opposition surge down to nar-
rower angles since these objects reside at greater heliocentric
distances. This may indicate that the steeper surges are caused
by the sampling effects, or possibly the angular size of the so-
lar disk, which may allow for narrower angles at which the
plateau effect, described earlier, may take place. Fig. 8 shows
the steepness of the opposition surges, the brightening between
2° <« < 0.1°, as a function of distance from the Sun, and no
such correlation is apparent in the literature sampled. Hence,
the phase curve steepness, even at narrow angles, is likely in-
dicative of the physical nature of the surface, rather than an
artifact of the sampling or an optical phenomenon related to
solar distance alone.

What the surface characteristic may be, whether it is a CBS
or particle compactness phenomenon, may not be obvious, es-
pecially as our narrowest phase angle points are somewhat iso-
lated relative to the next highest phase angle points, and lie
in a regime where both effects may be strong (Hapke, 1993).
However, Phoebe’s phase curve may provide some useful in-
formation applicable to this problem. There is apparent in all
the satellites an anti-correlation with the strength of the oppo-
sition surge and increasing wavelength. Like all of our model
fits to the irregular satellites with both B- and R-band data,
Phoebe’s slope parameter is steeper in the B band than in the
R band (see Table 4), but Phoebe’s is unique in that the uncer-
tainties are small and the offset in G values between the R- and
B-band data sets are significantly different. CBS, a multiple-
scattering effect, has been shown to be strongest on surfaces
with moderate reflectivity (e.g., Domingue et al., 2002 and
Nelson et al., 2000), and at longer wavelengths (Hapke, 1993).
Steeper phase curves relating to particle—particle shading, a
single-scattering effect, are strongest with lower reflectance sur-
faces (Shkuratov and Helfenstein, 2001). As Phoebe has a rel-
atively neutral to slightly red spectral reflectance (Buratti et
al., 2002), and a full-disk albedo in the V band ~0.08, less
than 0.15 (Simonelli et al., 1999) a brighter surge in the B
band, as observed, may indicate a mostly particle-shading ef-
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Fig. 8. The opposition surge steepness as a function of solar distance. The surge steepness was measured as the magnitude difference between 2° and 0.1° phase
angle brightness. Phase curves from this work (9.5 AU), Bauer et al. (2003) (Hylonome; 25 AU), Buratti et al. (1990) (uranian satellites; 19.2 AU), Johnson (1971)
(Galilean satellites; 5.2 AU), Delahodde et al. (2001) (28P/Neujmin 1; 6.9 AU), Sheppard and Jewitt (2002) (1999 DE9; 33.9 AU), Hicks et al. (2005) (Varuna;
43.2 AU), Verbiscer et al. (2005b) (Enceladus; 9.5 AU), Shevchenko et al. (2002) and Belskaya and Shevchenko (2000) (F-type main belt asteroids; 2.6 AU),
Rousselot et al. (2005) (2002 UX25; 42.6 AU), Rousselot et al. (2003) (1999 TD10; 12.7 AU), and Herbert et al. (2004) (Triton; 30.1 AU) were included in the
plot. The data were selected for phase coverage spanning at least 0.2° to 1.2°. Data spanning 0.1° through 2° are marked with open circles. If extrapolations were
necessary out to 0.1° or 2°, the magnitudes are marked with filled triangles. The KBOs were extrapolated outward to 2° from ~1.5° for 1999 DE9 and from ~1.2°
for Varuna and 2002 UX25. Note there is no separate grouping between regular and irregular satellites for Saturn in our sample. Enceladus is mixed in with Albiorix
and Tarvos (with their opposition surge magnitudes clustered around 0.2), and Phoebe with the remainder in our sample (clustered around 0.35). The opposition
surge groupings of the irregular satellites as charted here qualitatively match the G-parameter values, with the exception of Siarnaq, which has a shallow phase

curve at larger angles, but a strong opposition surge (see Fig. 4A).

fect. The geometry of ground based observing limits the data
to a small span of phase angles. Phoebe alone is the satellite in
our sample that has been explored by spacecraft (Simonelli et
al., 1999, 2004). Bodies with potentially comparable physical
nature, such as KBOs and Pluto, will be explored in the future
by missions such as New Horizons, and data of the kind re-
ported here will be crucial to the interpretation of the data they
obtain.

5. Conclusions

Our study of Saturn’s irregular satellites during the opposi-
tion of 2005 provided us with a rare opportunity to characterize
their phase curves and opposition surges. The brightnesses ob-
tained were for phase angles that were not only uniquely low
for the objects we observed, but also for any objects at these
solar distances. We found:

e With three notable exceptions, the irregular satellites have
similar phase curve and opposition surge behavior to many
of the centaurs.

e Albiorix and Tarvos come from the i &~ 34° dynamical
group, and both show uniquely shallow phase curves and
muted opposition surges that support a common origin for
this dynamical classification’s members.

e Siarnaq shows a strong opposition surge with an other-
wise shallow phase curve slope, similar to Europa’s and

Oberon’s phase curve behavior, which have been inter-
preted as indicating higher porosity or particle compaction
at smaller particle scales.

e The differences in phase curve shapes among the i ~ 46°
group members indicate a clustering more consistent with
Cuk and Burns’ (2004) interpretation of the group’s origin.

e Phoebe’s phase curve steepens with the inclusion our 2005
opposition data set. Phoebe’s B-band opposition surge is
stronger than its R band, arguing against a CBS dominant
effect at narrow phase angles.

e There is no evidence for a relation with observed opposition
surge steepness based solely upon heliocentric distance.

e Phase curve measurement and analysis is a useful tool in
seeking or testing interrelationships among small bodies.
These data suggest, but do not conclusively prove, a corre-
lation between the dynamical classification of the irregular
satellites and their phase curve shapes.
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