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ABSTRACT

Aims. We aim to determine far-infrared fluxes at 70, 100, and 160 um for the five major Uranus satellites, Titania, Oberon, Umbriel,
Ariel, and Miranda. Our study is based on the available calibration observations at wavelengths taken with the PACS photometer
aboard the Herschel Space Observatory.

Methods. The bright image of Uranus was subtracted using a scaled Uranus point spread function (PSF) reference established from
all maps of each wavelength in an iterative process removing the superimposed moons. The photometry of the satellites was performed
using PSF photometry. Thermophysical models of the icy moons were fitted to the photometry of each measurement epoch and
auxiliary data at shorter wavelengths.

Results. The best-fit thermophysical models provide constraints for important properties of the moons, such as surface roughness
and thermal inertia. We present the first thermal infrared radiometry longward of 50 um for the four largest Uranian moons, Titania,
Oberon, Umbriel, and Ariel, at epochs with equator-on illumination. Due to this inclination geometry, heat transport took place to the
night side so that thermal inertia played a role, allowing us to constrain that parameter. Also, we found some indication for differences
in the thermal properties of leading and trailing hemispheres. The total combined flux contribution of the four major moons relative
to Uranus is 5.7 x 1073, 4.8 x 1073, and 3.4 x 1073 at 70, 100, and 160 um, respectively. We therefore precisely specify the systematic
error of the Uranus flux by its moons when Uranus is used as a far-infrared prime flux calibrator. Miranda is considerably fainter and
always close to Uranus, impeding reliable photometry.

Conclusions. We successfully demonstrate an image processing technique for PACS photometer data that allows us to remove a bright
central source and reconstruct point source fluxes on the order of 1073 of the central source as close as ~3 X the half width at half
maximum of the PSF. We established improved thermophysical models of the five major Uranus satellites. Our derived thermal inertia
values resemble those of trans-neptunian object (TNO) dwarf planets, Pluto and Haumea, more than those of smaller TNOs and
Centaurs at heliocentric distances of about 30 AU.

Key words. space vehicles: instruments — techniques: image processing — techniques: photometric — infrared: planetary systems —

radiation mechanisms: thermal

1. Introduction

The planet Uranus is a well suited primary flux standard at the
upper end of the accessible flux range for a number of con-
temporary far-infrared space and airborne photometers, such as
ISOPHOT (Lemke et al. 1996), Herschel-PACS (Poglitsch et al.
2010), and HAWC+ (Harper et al. 2018). Uranus is also an impor-
tant flux/amplitude calibrator for submm/mm/cm ground-based
observatories, such as IRAM (Kramer et al. 2008) or JCMT
(SCUBA-2; Chapin et al. 2013).

Uranus was routinely observed during the Herschel mis-
sion (Pilbratt et al. 2010) as part of the PACS photometer 70,
100, and 160 um filter flux calibration program, in particular for
a quantitative verification of the flux non-linearity correction for
PACS (Miiller et al. 2016).

Due to its flux density of >500Jy, Uranus exhibits an
extended intensity profile in the PACS maps which reaches out
to radii >1’, and overwhelms the emission from its moons. An

* Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and with
important participation from NASA.

example is the Uranus image shown in the left panel of Fig. 1.
Nevertheless, with a detailed comparison of the Uranus image
with a PACS reference point spread function (PSF; Fig. 1 mid-
dle), it is possible to trace extra features on top of the Uranus
PSF. That is how we recognised the two largest and most dis-
tant of the five major Uranian moons, Titania and Oberon, in the
PACS maps. Titania and Oberon were discovered by the name
patron of the Herschel Space Observatory, William (Wilhelm)
Herschel, himself. In the following sections, we describe the
method used to generate the Uranus reference PSF and subtract
it from the maps in order to extract FIR fluxes for all five major
moons of Uranus. This photometry will be compared with the
thermophysical modelling of the moons.

2. Data reduction
2.1. Input maps for Uranus PSF reference

The key to a good PSF subtraction is to have a good reference
PSF. Since Uranus is a slightly extended source (~3'5), the stan-
dard PACS PSF references based on maps of the asteroids Ceres
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Fig. 1. PACS 70 um scan map of Uranus (OBSIDs 1342223982+83) from OD 789 (2011-07-12T01:21:57). Pixel scale is 1" 1. Left: original map
generated by high-pass filtering and co-addition of scan and cross-scan containing Uranus plus its moons. This map was actually generated as an
average of the nine different map parameter data sets per scan direction Middle: convolved Uranus PSF for OD 789 generated from the Uranus
reference PSF by PSF matching, cf. Sect. 2.3. It shows a number of pronounced PSF features, while the absence of Titania and Oberon is clearly
visible. Right: residual map after subtraction of the convolved Uranus PSF map from the original map. The four Uranus moons Titania, Umbriel,
Ariel, and Oberon become clearly visible. For better visualisation different flux scales were used for the individual images.

and Vesta (Lutz 2015)! did not provide adequate PSF subtrac-
tion results. We therefore decided to construct a Uranus reference
PSF (Ref PSF from now on) out of the individual Uranus maps
in each PACS filter.

The Herschel Science Archive contains twenty individual
scan map measurements of Uranus, taken over the entire course
of the mission at five distinct epochs (cf. Table A.l1). Within
each of those five epochs, four scan map observations were taken
approximately 6 min apart from each other. The PACS photome-
ter was able to take data simultaneously in the 160 um filter
as well as either the 70 or 100 um filter. The starting point of
our PSF analysis were, therefore, the ten 70 and 100 um and
the twenty 160 um, high-pass filtered and flux-calibrated level
2 scan maps produced for the Uranus photometry as published
in Miiller et al. (2016). The data reduction and calibration per-
formed in HIPE? (Ott 2010) up to this level is described in Balog
et al. (2014). A general description of PACS high-pass filter pro-
cessing is given in the PACS Handbook (Exter et al. 2018). In
order to determine any dependence of our PSF photometry on the
data reduction, we re-processed the maps with a variety of map
parameter combinations for HPF radius and pixfrac, as listed
in Table 1. The variation of the results among the nine differ-
ent created maps of the same observation identifier (OBSID) is
one component in our photometric uncertainty assessment. The
related uncertainty is listed under o4 in Tables A.1-A.6.

2.2. Establishment of the Uranus reference PSFs

As a first step the WCS (world coordinate system) astrometries of
the images were corrected by finding the centre of Uranus. This
was crucial to correct the majority of astrometric uncertainties of
the images. In addition to the standard flux calibration in HIPE
a final flux calibration step was done by removing the depen-
dence of the detector response on the telescope background, a
calibration feature which is described in Balog et al. (2014).

' https://www.cosmos.esa.int/documents/12133/996891/
PACS+photometer+point+spread+function, Fig. 7.

2 HIPE is a joint development by the Herschel Science Ground Seg-
ment Consortium, consisting of ESA, the NASA Herschel Science
Center, and the HIFI, PACS and SPIRE consortia.
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Table 1. Applied scan map parameters for the input maps of the PSF
fitting step.

Filter FWHMpsz outpix HPF radius @ pixfrac
(pm) () ()
70 5.6 1.1 15, 20, 35 0.1,0.5, 1.0
100 6.8 1.4 15, 20, 35 0.1,0.5, 1.0
160 10.7 2.1 30, 40, 70 0.1,0.5, 1.0

Notes. FW H Mpgr is the average full width at half maximum of the PSF
for a point-like source in the corresponding filter. “Outpix” marks the
output pixel size in the final map. This was kept constant, which means
a sampling of the PSF FWHM by 5 pixels in each filter. “HPF” is the
abbreviation for the high-pass filter, “pixfrac” is the ratio of drop size to
input pixel size used for the drizzling algorithm (Fruchter & Hook 2002)
within the photProject() mapper. “This parameter determines the ele-
mentary section of a scan over which the high-pass filter algorithm
computes a running median value. Its unit is “number of read-outs”.
The spatial interval between two readouts is @y, = ”Svff:" . For the standard
vio = 10 Hz read-out scheme in PACS prime mode, and a scan speed
Usean = 20"s7!, the spatial interval a,, between two read-outs corre-
sponds to 2". The entire width of the HPF window (") = [(2 X HPF
radius) + 1] X a,,.

The relation of detector responsivity with telescope background
could be established from the Uranus observations themselves
with a very high signal-to-noise-ratio (S/N). All images were
then flux-normalised to a mean Uranus-to-Herschel distance and
rotated to the same reference angle. The distance correction
was on the order of 6%, while the detector response correc-
tion with telescope background was on the order of 1%. Details
of these flux corrections are detailed in Appendix B. Follow-
ing these corrections, the uncertainty of Uranus flux was within
a remarkable 0.19-0.27% depending on the filter, proving the
outstanding flux stability of the PACS instrument. This was
important because flux variation could have a negative effect on
the creation of the median image for the Ref PSF in the next
steps. On the other hand, an arbitrary normalisation compensat-
ing for the flux differences would render any later photometry
unreliable.


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202037625&pdf_id=0
https://www.cosmos.esa.int/documents/12133/996891/PACS+photometer+point+spread+function
https://www.cosmos.esa.int/documents/12133/996891/PACS+photometer+point+spread+function

O. H. Detre et al.: Herschel-PACS photometry of Uranus’ five major moons

Oversampled scan
and cross-scan dlrectlon reference PSFs

Establishment of
Uranus reference PSF

WCS fine correction
by Uranus PSF offset fit parameters

v

Generate shifted

& rotated PSFs for fitting

(1 kernel element is shown here per object)

1. WCS transform

(oversample, shift, rotate

to same PSF orientation)

2. Median images ‘
PSF matching

Generate Moon

componentsl

(fitting all Uranus and Moon component
kernels and parameters at once)

scan

cross-scan

(for all epochs and scan
directions, 5*2 total

Subtract Moon components -
- ‘ L 2 \ ’
Subtract Uranus
components
Initial images

Epoch1 Epoch2 Epoch3 Epoch4 Epoch Flnallmages

Fig. 2. Flowchart for the iteration cycle. The dashed boxes show the
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Four-time oversampling was used for the Ref PSF (FWHM
was sampled by 20 pixels) to mitigate the information loss by
the re-sampling of the data back and forth. A separate Ref PSF
was generated for each of the two scan directions due to minor
differences between them. The very first Ref PSF was generated
by a simple median over the individual images on each pixel.
The median removed the orbiting moons for most of the pix-
els around the PSF centre. However, for some areas of the Ref
PSF the moons were overlapping multiple times. To remove the
remnants of the moons at these spots the generation of the Ref
PSF was done in an iteration loop. The iteration loop also cor-
rected small distortions and flux differences between the images
(called PSF matching, see Sect. 2.3) and further enhanced the
astrometry of the images. The iteration loop is shown in Fig. 2.
Its three main parts are: (1) generating a Ref PSF. The improved
Ref PSF was generated from moon-cleaned individual images,
calculated in the previous loop. (2) Improving the astrometry
(RA and Dec) of Uranus and the moons. (3) Decomposing the
individual images into matched PSFs at the position of Uranus
and its five major moons. These are called the Uranus component
and the Moon component (including all five moons) of a given
image.

The iteration loop stopped when no significant change was
found for the Ref PSF, nor any flux change for the moons.

— Titania
= A(iel
— Miranda

Oberon— L Urosas

— Umbriel

Fig. 3. Kernel positions of Uranus (5X5, in blue) and its moons
(33, in black) shown on the Uranus subtracted product of OBSID
1342211117+18. Overlapping kernel elements (Uranus and Oberon on
this given example here) caused redundancy in the fit of these kernel
elements. Rotational symmetries were introduced into the kernels to
eliminate this issue. The flux scale of the image is the same as in Fig. 4.

2.3. PSF matching

Given the Uranus Ref PSF was generated from the measurements
themselves, we obtained already good results using the simplest
way to generate the Uranus component, namely, by using the
Ref PSF from the previous iteration loop, multiplied by a sim-
ple relative flux parameter. This parameter was fitted for each
measurement to take into account the flux changes of Uranus.
Similarly, five flux parameters were used for the Moon compo-
nent, fitted for each moon to take into account the relative flux
difference of Uranus and its moons.

The Uranus PSF shape was changing slightly between
images. To adjust these individual differences, we convolved
the Ref PSF with normalised kernel matrices. Fitting 5 X 5 nor-
malised kernel elements to the individual images improved the
Uranus PSF subtraction near the centre of the PSF, making even
the inner moons visible in some cases.

The PSF difference between the Uranus and its moons were
clearly visible by leaving doughnut artefacts at the residual
images of the moons. The use of a simple 3 X 3 sharpening ker-
nel for the moon PSFs completely eliminated this issue, which
had clearly originated from differences in their PSF size. The
moons as well as Uranus had the same small distortions on
the same image, therefore, we applied the sharpening kernel to
the (already PSF-matched) Uranus component of a given image
instead of the Ref PSF. The Moon component of an image was
generated by shifting the Moon PSF to the moon positions at a
given epoch and multiplied by the relative flux parameter of each
moon.

The optimal sizes of the kernels change with wavelength. In
order to have the same number of free parameters and constraints
for all wavelengths, we implemented a spatial scale factor for the
kernels. In this scaled kernel image convolution, the kernel val-
ues were used to weight the —2d, —1d, 0d, 1d, 2d distance units
shifted Ref PSF instances around Uranus in X and Y-direction.
Where the d units were dyg = 1.5, djgo = 1.25 and dj¢p = 1 map
pixels for the 70, 100, and 160 um images, respectively. Finally,
all shifted elements were added together and multiplied by a rel-
ative flux parameter. We note here that this scaled kernel image
convolution becomes a traditional image convolution with d = 1
pixel shift distance unit.

Figure 3 shows an example of the kernels. The 5 x5 Uranus
kernel is in blue and the 3 X3 moon kernels are in black. An
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Fig. 4. 70 um PSF photometry of Uranian moons for OBSIDs 1342211117+18 on OD 579. Left: actual moon map after subtraction of the convolved
Uranus PSF. The centres of the five moons are marked by black crosses and are labelled. The red cross inside the red circle indicates the approximate
centre of the Uranus PSF. The circle has a radius of 78 and circumscribes an area of significant PSF subtraction residuals (see right figure) inside
which the photometric S/Ns are degraded (cf. Fig. 5). Middle: moon component of the image done by fitting a sharpening kernel and relative flux
parameter for the reference PSF at the position of each moon (indicated by black crosses). This Moon component map recovers also intensity inside
the circle area where the PSFs are disturbed in the map with the Uranus PSF subtracted. The moon PSF map is displayed with a larger dynamic
range than the moon map. Right: residuals map (Moon map minus Moon PSF map) providing a judgement of the quality of the fit. The centres of
the five moons and Uranus are marked here by white crosses and are labelled. For comparability, we used the same flux scale for all three images.

example of a fitted Moon component can be seen in the middle
and residual image at the right in Fig. 4.

The major step in the iteration loop was to fit these kernels
and flux parameters to each individual image. For the fitting
parameters, the crucial point was to find a good balance between
constraints and free parameters. The constraints were:

(1) until the very last iteration loop the flux of each moon
was set constant for all observation epochs. This was crucial,
because with this constraint the flux of a given moon was fitted
dominantly to those epochs where it was farther away from the
centre of Uranus due to the higher S/N of the image at those pix-
els. The noise estimate was taken from the associated standard
deviation map of the image product.

(2) Although the optimal kernels were not symmetric for
all individual images, it was crucial to impose symmetry on
the kernels. The PSFs of the nearby moons were overlapping
with some image convolution elements, making the fit redun-
dant for their kernel elements. For example, Fig. 3 displays where
the kernels of Uranus and Oberon are overlapping. This redun-
dancy would incorrectly elevate some of the kernel components
of Oberon, reducing the Uranus kernel values proportionally.
Implementing rotational symmetry for the kernels solved these
redundancies. The Uranus kernel therefore was an average
of two 5x5 kernels with 180° and 120° rotation symmetric
elements.

(3) The more point-like Moon PSF was generated by a
convolution of the Uranus component with the simplest (two-
parameter) 90° rotation-symmetric 3 X 3 normalised sharpening
kernel. These fitted kernel elements were constant for all the
epochs and the same for all moons as the relative diameter ratios
of Uranus and its moons can be considered as constant.

(4) The last free parameters to be fitted were the X and Y
spatial offsets of the images to improve the relative positions of
the individual PSFs. The PSF subtraction is very sensitive to any
offset. An uncertainty of ~100 mas for the Uranus centre would
result in a quite significant residual pattern.

(5) In the last iteration loop, all previously fitted parameters
were fixed, but the constant moon flux constraint was released.
This last fit showed the variability of the moon fluxes from their
averages for each epoch.
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2.4. PSF subtraction

After fitting of all parameters to all individual images at the
same time, two intermediate outputs were generated. First is
the Uranus component-subtracted images. Second is the Moon
component-subtracted images for Ref PSF generation at the
beginning of the next iteration loop. This ensures that remnants
of the moons on the Ref PSF are gradually removed with each
iteration.

After the last iteration loop, the Uranus and Moon com-
ponents were saved into the FITS files of the final moon map
products. Subtracting both the Uranus and Moon components
give the residual image. The residual image seen at the right of
Fig. 4 clearly proves the correctness of the fit parameters and the
correct balance of free fit parameters and constraints.

3. Maps of the Uranian moons

All data products with the PSF subtracted maps and including
the convolved Uranus PSF and the moon PSFs in additional
extensions will be available in FITS format as Herschel Highly
Processed Data Products (HPDPs)® in the Herschel Science
Archive.

Figures A.1 to A.2 show the final actual maps of the Ura-
nian moon constellations with the Uranus PSF subtracted for the
five observation epochs. The corresponding scan and cross-scan
maps have been averaged. It is clear that there is an inner area
where the PSF subtraction does not work perfectly. This area is
quantified by the results illustrated in Fig. 5.

4. Photometry of the Uranian moons

The PSF photometry of the moons is a side product of our PSF
subtraction itself, as we have to fit and subtract the moons to get a
moon-cleared image for the Ref PSF generation. In comparison
with aperture photometry, the constraint of knowing the exact
PSF shape provides extra information to the PSF photometry,
giving better results in crowded fields for overlapping sources.

3 https://www.cosmos.esa.int/web/herschel/
highly-processed-data-products
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Fig. 5. Upper panel: derived fluxes f,on from PSF photometry and their uncertainties o, depending on the distance of the Uranian moon from
the Uranus position for the 70, 100, and 160 um filter, respectively. Lower panel: corresponding signal-to-noise ratios (S/N = fg‘%). The dashed
vertical line at =778, 1171, and 17”8, respectively (scaling with A, of the filter) indicates a radius inside which the uncertainty increases and the

S/N degrades noticeably due to PSF residuals.

To get additional confidence in our PSF photometry, we also per-
formed standard aperture photometry whenever any moon was
well-separated from Uranus.

4.1. PSF photometry

An example of PSF photometry fit results is shown in
Fig. 4 for the combined scan and cross-scan map of OBSIDs
1342211117+18, from which 70 um photometry for all five moons
can be obtained. The PSF images of Oberon and Miranda are
disturbed in the residual map due to imperfect Uranus PSF sub-
traction in this central area, nevertheless a significant fraction of
the moon PSF is available to recover the total flux and recon-
struct the intensity distribution. As already mentioned earlier
in this paper, the fitting algorithm weights the pixels with their
sigma value using the associated standard deviation map of the
image product. In the case of Miranda, the PSF is fitted dom-
inantly to this outer part of the Uranus PSF, where the S/N of
the pixels is higher than the ones closer to the Uranus centre. Of
course the uncertainty of the PSF fit worsens if only part of the
PSF is available.

The unitless PSF flux fit parameters were relative fluxes used
to weight the Ref PSF. To get the flux in Jy from these weights,
they have to be multiplied with the aperture photometry of the
Ref PSF, in other words, the average flux of Uranus over the
measurements. The flux uncertainties were calculated the same
way from the unitless 1-sigma parameter error values of the PSF
fit parameters. This is the second component in our photometric
uncertainty assessment. The related value is listed under oy

4.2. Aperture photometry

Based on the Uranus subtracted products, we also performed
standard aperture photometry, as described in the PACS Hand-
book (Exter et al. 2018), Sect. 7.5.2. Subtracting all other moons
from the product (except the one we were measuring) clearly
enhanced the aperture photometry results. Still, it was possible
when a given moon was well separated from Uranus at a given
epoch. This is mainly the case for Oberon and Titania, while

Table 2. Comparison of PSF photometry with standard aperture pho-
tometry for a number of measurements, n, when an Uranian moon
was far enough off Uranus and the other moons to allow relatively
undisturbed aperture measurements.

PSF

Filter n e
70 26 1.030+0.003
100 22  1.032+0.005
160 28 1.036+0.004

unfortunately the number of comparison cases for Umbriel and
Ariel is quite limited, in particular at 160 um (70 um: 8 cases,
100 um: 4 cases, 160 um: O cases).

The detailed comparison of PSF photometry with aper-
ture photometry has been compiled in Table A.7. A statistical
overview is given in Table 2. From this, it can be seen that the
consistency of the two photometric methods is very good (within
3-4%), thus confirming the principal quality of our PSF photom-
etry procedure. This does not, however, exclude that individual
fits may be unreliable or even fail, particularly in areas with high
PSF residuals or confusion from close sources. The uncertainty
of the fit gives then already good advice on the reliability.

The aperture photometry shows on average a systematic
3-4% negative flux offset with regard to the PSF photometry.
This flux loss was a result of the small apertures and sky radii to
achieve good residual rejection.

4.3. Photometry results

In Fig. 5, we plotted the PSF photometry fluxes and their
uncertainties and the corresponding S/N of the individual
measurements depending on the distance of the Uranian moon
from the Uranus position for each filter. As a general feature, we
note that the uncertainties increase and, hence, the S/N degrades
noticeably inside a certain radius, which is ~7”8, 11”1, and 17”8
for 70, 100, and 160 um, respectively (these radii scale with A, of
the filter). This is due to PSF residuals as seen in Figs. A.1-A.3.
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Table 3. Mean fluxes of the Uranian moons (Eq. (3)) calculated from a weighted mean moon-to-Uranus flux ratio (Eq. (1)) and a mean Uranus flux

(Eq. (2)) over the Herschel observation campaign.
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. fm(mn mean . f;‘n(\l)ll mean fm(mn mean .

Object  n7g (m)m object.70 1100 (fU_ )100 object, 100 160 (M)mo object 160
(107%) dy) (107%) dy) (107%) dy)

Titania 10 1.931+£0.0095 1.663 +0.008 10 1.619+0.0104 1.423+0.009 20 1.317+0.0074 0.873 £0.005
Oberon 10 1.847+0.0067 1.591 +0.006 10 1.537+0.0074 1.351 +£0.007 20 1.217+0.0038 0.807 +0.003
Umbriel 10 1.055+0.0140 0.909 +0.012 10 0.869+0.0138 0.764 +0.012 20 0.613+0.0187 0.406+0.012
Ariel 10 0.876 £0.0150 0.754+0.013 10 0.799 +£0.0428 0.702 +0.038 20 0.294+0.0171 0.195+£0.011
Miranda 10 0.261 +£0.0349 0.225+0.030 8 0.135+0.0164 0.119+0.016 - - -
Uranus 10 861.287 +£0.535 10 879.061 +£0.488 20 663.011 +£0.403

Notes. o of the individual moon photometry was used as weight. The applied mean distance (20.024 AU) normalised Uranus flux is given in the
last line. n79, n100 and n,4 give the number of reliable measurements used in the determination of Jmoon

It should be noted that negative fluxes and, hence, the nega-
tive S/Ns do not occur since the PSF fit produces either positive
fluxes or fails. For the photometry of the individual moons, the
following can be concluded:

— the S/Ns of all Titania measurements are >10, so that all
measurements should be very reliable;

— the S/Ns of the Oberon measurements for epochs 2-5 are
all >10, so that all these measurements should be very reli-
able. Regarding the measurements of the first epoch, the moon is
inside the critical radius. Nevertheless S/N at 70 and 100 um are
still >10, so that their quality should be medium. At 160 um the
S/Ns are <10, so that this photometry is less reliable;

— for Umbriel, the S/Ns of the 70 and 100 yum measurements
of epochs 1 and 5, which are outside the critical radius, are of
very high quality. The corresponding 160 um fluxes have S/Ns
<10, so that they are less reliable. The S/Ns for the 70 and
100 ym measurements of epochs 2—4 are between 10-50, so that
their quality should be still medium. However, the corresponding
160 um fluxes have S/Ns between 25, so that this photometry is
less reliable;

— for Ariel, the S/Ns of the 70 and 100 um measurements
of epochs 1 to 3 have medium to high quality (>10-<100).
The S/Ns of the 70 and 100 um measurements of epochs 4
and 5 are <10, so that they are less reliable. The S/Ns of all
160 um measurements are <3, so that they are likely to be quite
inaccurate;

— for Miranda, which is considerably fainter than the other
four moons and always close to Uranus, the S/Ns of the 70 um
measurements of epochs 1 and 3 are in the range between 1 and
3. These measurements indicate the order of flux, but they are
not very reliable. All other measurements at 70 and 100 um have
S /Ns <1, so that individual measurements are not reliable at all.
At 160 um S /Ns are <1.

Small S/Ns indicate that there are some restriction in the sub-
sequent analysis. It is important to bear in mind that this is not a
deficiency of the observational design since the original design
with just one modular mini scan map was meant to observe
Uranus, so that the S/N for the moons is, naturally, not optimal.

The results of photometry from the individual scan maps
are given in Tables A.2—A.6. For completeness we compile the
Uranus photometry in Table A.1. This table gives both the actu-
ally measured flux ii‘gr"’a:”lfsed and a flux normalised to a reference

distance fsuncecomected ywhich js needed in generating the PSF

reference. The determination of the distance corrected Uranus
flux is described below.
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Juranus

Table 3 provides an overview of the Uranian moon photom-
etry with mean fluxes. For it a weighted mean moon-to-Uranus
flux ratio was calculated from the individual photometry results
listed in Tables A.1-A.6,

i,Uranus
- m=a T M
' i (7)
i=1 \ o0t

using the o of the moon photometry as weights. For the cal-
culation of the mean moon fluxes, a weighted mean Uranus flux
at a mean distance of all Herschel observations is used. The
mean Uranus distance is derived from the Ay of the 20 indi-

20 )
vidual observations (Agsmean = 25521 = 20.024 AU; for the
Aops,i cf. Table A.1). Individual distance corrected Uranus fluxes

distancecorrected are determined by scaling the measured Uranus
i,Uranus

‘measured
mean Y (L ( 1 )2
( fmoon ) i=1 ‘measured B Tiot

f Uranus

Aobs,i

2
,Uranus Aobs,mean ) (see also
Table B.1 for values of cgiy per observation epoch). The weighted
mean Uranus flux is then calculated as

flux fimeasu“"d with the correction factor cg;; = (

/dialancccl)ncclcd

n i,Uranus
i=1 2
o

i,tot
1 2 )

mean  _
Uranus,A — n
=1 7 ot

©))

using the oy of the individual Uranus measurements as
weights. These mean distance corrected fluxes of Uranus are
listed in Table 3, too. The mean moon flux is then calculated
as

3

mean

f moon « fmean

f Uranus,4*
Uranus

|
Pl

The combined flux contribution of the four largest moons rel-
ative to the Uranus flux is 5.7 x 1073, 4.8 x 10~3, and 3.4 x 1073 at
70, 100, and 160 um, respectively. Hence, earlier published pho-
tometry of Uranus (Miiller et al. 2016) not subtracting the moon
contribution is not invalidated by our new results. Rather, we
specify more precisely the systematic error of the Uranus flux by
its moons when using Uranus as a far-infrared prime flux calibra-

tor. The fluxes in column fiy, of Table A.l are very consistent
with those in Table B.1, column “Flux; in Miiller et al. (2016)

thispaper
(fM% = 1.005 % 0.005, 1.009 + 0.003, and 1.014 + 0.004 at 70,
Uranus

100, and 160 um, respectively).
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Fig. 6. PACS two-colour diagrams for the Uranian moons. The PACS
fluxes are not colour corrected and refer to the PACS standard photo-
metric reference SED v X f, = const. The boxes with the central cross
indicate the uncertainty range of the measured colours (determined by

logo (';{‘ t{r"' ) and log ('fl' 74 ), respectively.) The straight lines with
S, =02, S, +oa,

the temperature tick marks represent the colours of modified blackbod-

ies calculated according to Eq. (4) for the displayed temperature range

and with g as indicated in the upper right corner of each panel. Derived

B and T, are used for a plausibility check of the PACS photometry.

No dependence of the moon fluxes on the distance to Uranus
is expected since all the moons have orbits with small eccen-
tricity. The variation of the angular separation of the moons
to Uranus stands as a pure projection effect that is due to the
inclination of the Uranian system.

Another plausibility check of the PACS photometry can be
obtained from FIR two-colour diagrams. In Fig. 6, we show
the individual two-colour diagrams for the Uranian moons. The
PACS fluxes are not colour corrected and refer to the PACS

standard photometric reference SED v X f, = const. Modified

blackbody functions §BV(Tb) are good first order approxima-

tions for dust emission. Emission from the surface regolith of
satellites is usually well approximated by pure blackbody emis-
sion, that is, 8 should be zero or small. We calculated the two
PACS colours of modified blackbody emission as:

| AP % By, T) x cey,
og 0 — .
AP % B0 T) x ccy,

“4)

The modified blackbody fluxes have been colour corrected (cc,)
to the PACS photometric reference SED for a homogeneous
comparison with the moon colours (cf. PACS Handbook, Exter
et al. 2018, formula 7.20 for the calculation for any SED shape).
We checked which combination of 8 and T}, best match the mea-
sured colours. Figure 6 shows the line for the best matching
value and a range of Ty which crosses the measured combina-
tion of colours. For Titania and Oberon, the approximation of
the measured colours by pure blackbodies is quite good since
the match yields 8 = 0.10+£0.06, T, = 73.0K+2.0K and 8 =
0.22+0.04, Ty, = 69.5K £ 1.5K, respectively. For Umbriel, we
find B8 =0.85+0.25, Ty, = 54.7K £ 5.2 K, which shows that the

160 um flux is somewhat too low, so that the log(%) value is too

high, thus requiring higher g values. For Ariel, the fit gives 8 =
59+0.8, Ty =20.1 K+2.0K, which is a completely unphysical
spectral energy distribution solution for this moon. We conclude
that the mean 160 ym flux is far too low (about a factor of 2) and
unreliable, as suggested by the S/N analysis above. On the other
hand, the mean 70 and 100 um photometry appears to be ade-

quate for all four moons, since the log(j‘%) values are all similar.

Because of the partial deficiency or incompleteness of the mea-
sured SEDs, we derived colour correction factors for the PACS
photometry from the best fitting models (see Table 7).

5. Auxiliary thermal data

In addition to the new PACS measurements, we searched in the
literature to find more thermal data for the Uranian satellites.
Brown et al. (1982) presented standard broad-band Q filter mea-
surements taken by the 3-m IRTF* telescope. We re-calibrated
the Q-band magnitudes (after applying the listed monochromatic
correction factors and taking the specified —3.32 mag for aBoo)
with the template flux of 185.611Jy at 20.0um (Cohen et al.
1996). The resulting flux densities are given in Table 4.

An important set of measurements was taken by Spitzer-
IRS (14-37 um) (Houck et al. 2004). We took the reduced
and calibrated low-resolution spectra (Lebouteiller et al. 2011)
and high-resolution spectra (Lebouteiller et al. 2015) from
CASSIS?, all related to the Spitzer Program ID 71°. The pro-
gramme includes thermal emission spectroscopy between 10 and
40 pum for Uranus’ synchronous satellites (among other objects),
observing the leading and trailing hemispheres at large sepa-
rations from the planet. These observations were taken under
aspect angles between 96.8° and 104.6°, that is, close to an
equator-on view of Uranus and its four satellites. An overview
of these observations is given in Table 5.

The “optimal” extraction of the spectra from the CASSIS
data assumes a perfect point-like source which is certainly the
case for the Uranian satellites at 18-20 AU distance from the
0.85m Spitzer Space Telescope. We also looked into the high-
resolution scans, but they only cover the longer wavelength range
(19.5-36.9 um) and from the comparison with the low-resolution
spectra we concluded that they do not add any new informa-
tion. At longer wavelengths (>22 um for Umbriel and >30um
for Oberon), the CASSIS spectra (both, low- and high-resolution
ones) show significant additional fluxes, which probably orig-
inate from the Uranus PSF (cf. Figs. 9 and 7, respectively).
The Ariel spectra have fluxes which are at least a factor of 2-3
too high and it seems the data are still affected by the influ-
ence of Uranus (cf. Fig. 10). We eliminated those parts which
show a strong deviation from a typical satellite thermal emission
spectrum. We rebinned the spectra down to 10-15 wavelength
points and added 10% to the measurement errors to account for
absolute flux calibration uncertainties in the close proximity of a
very bright source.

Cartwright et al. (2015) presented IRTF/SpeX (~0.81—
2.42 um) and Spitzer/IRAC (3.6, 4.5, 5.8, and 8.0 um) measure-
ments. But even at 8 um, the measured fluxes are dominated by
reflected sunlight. In the most favourable case, the thermal con-
tribution was still well below 10%. We therefore excluded these
measurements from our radiometric studies.

Hanel et al. (1986) studied the Uranian system with
infrared observations obtained by the infrared interferometer

4 Infrared Telescope Facility on Mauna Kea, Hawaii.

5 https://cassis.sirtf.com/atlas/welcome.shtml

6 1D 71: Observations of Outer Solar System Satellites and Planets; PI:
J. R. Houck.
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Table 4. Flux densities and uncertainties at 20.0 um based on measured Q-band magnitudes from Brown et al. (1982) and re-calibrated via the

reference standard star aBoo.

Object MID Thelio Aobs @ ang-sep fo

(AU)  (AU) (deg) @] Jy)
Ariel (UI) [701] 45111.50 18.879 17.867 0.09 14.65 0.142 + 0.026
Umbriel (UID) [702] 45109.33 18.879 17.869 0.21 19.86 0.131 + 0.018
Titania (UIIT) [703] 45109.50 18.879 17.868 0.20 33.31 0.250 + 0.024
Oberon (UIV) [704] 45108.40 18.880 17.871 0.26 43.23 0.280 + 0.038

Notes. Data were taken in May 1982 with the IRTF (Miranda was not part of the study). rji, is the light-time corrected heliocentric range, Aqps is
the range of target centre wrt. the observer, i.e. IRTF, « is the phase angle and “ang-sep” is the apparent angular separation from Uranus. The aspect
angle during the measurements was around 163.5° which means that IRTF saw mainly the South-pole region of Uranus and the four satellites.

Table 5. Overview of the Spitzer-IRS CASSIS spectra.

Object MID Phelio Aobs a ang-sep AORkey hemisp. UsefulSpectrum
AU)  (AU)  (deg) () (um)
Ariel (UI) [701] 53563.98055 20.067 19.547 2.54 1345 4521984 L -
5332325416  20.056 19.724  2.76 13.33 4522240 T -
Umbriel (UID) [702] 53695.76250 20.073 19.673  2.69 18.63 4522496 L 14.1-22.0
53183.96250 20.049 19.582 2.62 18.72 4522752 T 14.1-22.0
Titania (UII) [703] 53 181.21458 20.048 19.624 2.67 30.61 4523008 L 14.1-37.3
53716.59166  20.074 20.017 2.89 30.08 4523264 T 14.1-37.3
Oberon (UIV) [704] 53 184.28680 20.049 19.577 2.61 41.09 4523520 L 14.1-30.0
53325.65486 20.056 19.763 2.80  40.70 4523776 T 14.1-30.0

Notes. 110 15 the light-time corrected heliocentric range, Aqp is the range of target centre wrt. the observer, i.e. Spitzer, « is the phase angle and
“ang-sep” is the apparent angular separation from Uranus. The observations were designed to observe either the leading or the trailing hemisphere,
which is indicated in column “hemisp”. “UsefulSpectrum” indicates the wavelength range not affected by Uranus stray-light; in the case of Ariel

the whole spectrum is affected.

Table 6. TPM input parameters for the radiometric calculations and the interpretation of the obtained/available mid-/far-IR flux densities.

Object Hy A q Dv Deg Orbital period
(mag) (km) (days)
Ariel (UD) [701] 0.99 0.230+0.025 0.43+0.05 0.53 1159.0 2.520
Umbriel (UII) [702] 1.76  0.100+0.010 0.39+0.04 0.26 1170.0 4.144
Titania (UIII) [703] 0.78 0.170+0.015 0.46+0.05 0.37 1578.0 8.706
Oberon (UIV) [704] 0.99 0.140+0.015 0.44+0.05 0.31 1522.0 13.463
Miranda (UV) [705] 3.08 0.200+0.030 0.44+0.07 045 474.0 1.413

Notes. The numbers are taken from Karkoschka (2001): Hy are the mean values between Vi, and V,,;, with an uncertainty of 0.04 mag, Dy was
calculated from the specified radii (both from Table V). The phase integral ¢ and the Bond albedo A are from Table VII (¢ and gly/F, respectively).
The geometric albedo py was calculated via A = p ¢, with p/py = 1.0 (Morrison & Lebofsky 1979).

spectrometer (IRIS) on Voyager 2. The measurements were taken
for Miranda and Ariel and cover the range between 200 and
500cm~! (20-50 um). The South polar region was seen for both
targets (under phase angles of 38° for Miranda and 31° for Ariel).
They measured a maximum brightness temperature near the sub-
solar point, Tss, of 86 + 1 K and 84 + 1 K for Miranda and Ariel,
respectively. We tested our final model solutions against these
two brightness temperatures.

6. Thermophysical modelling of the Uranian moons

For the interpretation of the available thermal IR fluxes, we
used the thermophysical model (TPM) by Lagerros (1996, 1997,
1998) and Miiller & Lagerros (1998, 2002). The calculations are
based on the true observer-centric illumination and observing
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geometry for each data point (topocentric for IRTF, Herschel-
Spitzer-centric). The model considers a one-dimensional heat
conduction into the surface, controlled by the thermal inertia.
The surface roughness is implemented via segmented hemi-
spherical craters where the effective rms of the surface slopes
is controlled by the crater depth-to-radius ratio and the surface
coverage of the craters (Lagerros 1998). Additional input param-
eters are the object’s thermal mid-/far-IR emissivity (assumed to
be 0.9), the absolute V-band magnitudes Hy of the Uranian satel-
lites, the phase integrals g, the measured sizes D.g and albedos
pv. The Hy is only relevant in cases where we solve for radio-
metric size-albedo solutions. In cases where we keep the size
fixed, Hy is not used. Table 6 summarises these values. For the
satellites’ rotation properties, we assume a spin-axis orientation
perpendicular to Uranus’ equator (orbital inclinations are below
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0.5°, only for Miranda it is 4.2°), and a (presumed) synchronous
rotation.

Using the above properties (and their uncertainties) allows
us now to determine the moons’ thermal properties. We vary
the surface roughness from very smooth (rms of surface slopes
<0.1) up to very rough surfaces (rms of surface slopes >0.7). In
addition, low-conductivity surfaces can have very small thermal
inertias (here, we use a lower limit of 0.1 Jm=2s %5 K!) and
compact solid surfaces have high conductivities (we consider
thermal inertias up to 100 J m=2 570 K1),

One problem of radiometric studies in general is related to
objects seen pole-on, or very close to pole-on (especially for dis-
tant objects where the Sun and observer face the same part of
the surface). In these cases, there is no significant heat transfer
to the night side and it is much more difficult to constrain the
object’s thermal properties. A pole-on geometry is connected to
an aspect angle of 0° (north pole) or 180° (south pole), while
an equator-on geometry has 90°. During the 1980s (including
the IRTF measurements, but also the time of the Voyager 2
flyby) mainly the south pole region (of Uranus and also the
synchronous satellites) was visible, the 2004/2005 Spitzer mea-
surements were taken at aspect angles between about 97° and
105°, the 2010-2012 Herschel observations saw the Uranus sys-
tem under aspect angles between about 70° and 81°, meaning
that both were close to an equator-on view. The phase angles are
typically small (below 3°) and the measured signals are in all
cases related to almost fully illuminated objects.

Representative examples of our thermophysical models for
the epoch 2011-07-12 (period 2) covering the wavelength range
between 5-300 um are shown for Oberon, Titania, Umbriel, and
Ariel in Figs. 7-10, including the corresponding surface temper-
ature maps. All derived (and approved) flux densities for the 5
satellites, as well as the corresponding best TPM SEDs will be
made available by the Herschel Science Centre through *User
Provided Data Products’ in the Herschel Science Archive’. Our
Herschel flux densities and the auxiliary photometry shall also
be imported into the *Small Bodies: Near and Far’ (SBNAF) data
base® for thermal infrared observations of Solar System’s small
bodies (Szakats et al. 2020).

At the time of Voyager flyby, when the south pole of the
moons was facing the Sun, maximum surface temperatures
reached or exceeded 85 K, but nighttime polar temperatures are
predicted to drop to 20 or 30 K, because each pole spends about
40 yr in darkness (Veverka et al. 1991). This means that under
an illumination geometry close to pole-on the satellite surface is
hotter than under an illumination geometry close to equator-on
when heat transport to the night side results in a colder surface
temperature. Therefore, a simple scaling of photometric mea-
surements taken under different illumination geometry by just
correcting for different ranges of target centre with regard to
the observer will not allow a direct comparison. This has to be
kept in mind for Figs. 7-10, where there seems to be some flux
inconsistency between the IRTF fluxes and the thermophysical
model fluxes matching the PACS observations. When taking the
illumination geometry at the time of the IRTF measurements into

account for the TPM, the consistency is very good, that is, for

o Sirre_ _ 0.250Jy
Titania Frowtogey — 02330y
As part of the analysis we also looked into differences

between the leading (LH) and trailing hemispheres (TH) of
the satellites. The tidally-locked and large satellites display
stronger H,O ice bands on the leading hemispheres, but this

7 http://archives.esac.esa.int/hsa/whsa/
8 https://ird.konkoly.hu/

effect decreases with distance from Uranus. In addition, Tita-
nia and Oberon show spectrally red material on their leading
hemisphere. Cartwright et al. (2018) discuss the possible origin
of the hemispherical differences and speculate that inward-
migrating dust from the irregular satellites might be the cause
of the observed H,O ice bands and red material differences
in the two hemispheres. Since the IRTF measurements viewed
only the south pole regions, the measured fluxes did not allow
such a separation. The Spitzer-IRS measurements were aiming
for epochs were either the leading or trailing faces were seen.
The measurements were timed for maximum elongation from
Uranus, which are close to the epochs of the minimum and
maximum heliocentric range-rate values. This was possible since
the Uranus system was seen almost equator-on. The Herschel
measurements were not timed to catch the objects at their range-
rate maxima. Therefore, we consider Herschel observations as
leading and trailing cases, if the apparent (heliocentric) range-
rates were larger than 2/3 of the maximum possible. In all other
cases, the observed signals are attributed to both hemispheres
(labelled LH, TH, or BH in column f“:i;"‘ of Tables A.2—-A.6).

A
I

6.1. Oberon

A standard radiometric analysis of the combined Herschel-
PACS, IRTF, and Spitzer-IRS measurements leads to a range of
size-albedo-thermal solutions with reduced y?-values close to or
below 1.0. However, the optimum solutions resulted in an effec-
tive diameter which is about 3-5% above the object’s true size
(and a geometric albedo of 0.29), connected to a thermal inertia
in the range 20-40J m=2 s 03 K1,

When we keep the diameter fixed to 1522 km (with py =0.31)
we can still find acceptable solutions (with reduced y>-values
close to 1): for an intermediate level of surface roughness (rms of
surface slopes between 0.3 and 0.7) and thermal inertias between
9 and 33T m~2 5793 K~! (higher thermal inertias are connected to
higher levels of surface roughness and vice versa).

The best solution is found for a thermal inertia of around
20Jm2 s K~! and an intermediate level of surface rough-
ness (rms = (.5). We confirmed the solution by using a modified
input data set where the close-proximity PACS data (at only
6" apparent separation from Uranus) were eliminated.

The leading (PACS 2nd epoch, IRS-1)/trailing (PACS 4th
and Sth epoch, IRS-2) analysis did not show any clear differ-
ences: both data subsets led to the same thermal properties
(thermal inertia of 20 Jm~2 s~ K~!) with very similar reduced
,\/2 values. From the available measurements, we cannot dis-
tinguish the leading and trailing hemispheres. The IRS spectra
confirm this finding: both spectra (in comparison with the corre-
sponding optimum TPM prediction) agree within 5%, except at
the shortest end below 16 um where the difference is about 10%.

The overall consistency (%) of the models with colour
corrected PACS fluxes for all five periods is 0.95+0.02,
0.94 +0.06, and 1.00+0.02 at 70, 100, and 160 um, respec-
tively. Excluding the first epoch photometry, where Oberon was
at an only 6” apparent separation from Uranus, gives ratios of
0.95 +0.01, 0.96 +0.01, and 1.00 £ 0.02. An illustrated compari-
son for epoch 2 is shown in Fig. 7.

6.2. Titania

The standard thermal analysis (PACS, IRTF, IRS) led to reduced
x* values close to 1 for a radiometric size which is again
2-4% larger than the true value, and a thermal inertia of 9—
31T m™2 579 K~!. All data are taken at sufficient separation from
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Oberon TPM for 2011-07-12
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Fig. 7. Thermophysical model of Oberon between 5 and 300 um (black
line) for the second epoch (2011-07-12). Photometric measurements are
PACS observations (red boxes), the IRTF observation (blue diamond),
and the Spitzer-IRS CASSIS data (orange spectrum: leading hemisphere
observation; red spectrum: trailing hemisphere data). The CASSIS
spectra suffer from Uranus stray light longward of 30 um. The IRTF

Aobs.IRS.IRTF )2
Aobs,2011-07-12
Nevertheless, the IRTF flux appears to be too high with regard to the
model, because the IRTF measurement was done under close to pole-on
illumination, when the moon was hotter, while the model reflects more
a viewing geometry close to equator-on, when the moon was colder due
to heat transport to the night side. The insert shows the resulting TPM
surface temperature map of Oberon for the range 40-85 K.

and IRS data were re-scaled to the model epoch with (

Uranus (>14""), but the IRS spectra still seem to be contaminated
around 30 um. Adding the constraints from Titania’s known size
and albedo (see Table 6), leads to thermal inertia values of 5—
15Jm™2 5703 K~!, with optimum values of 7-11Jm=2s %3 K-,
again for an intermediate level of surface roughness (rms =
0.4). We explicitly tested also other solutions for the thermal
inertia, but a value of 20 m=2s7%3K~!, as found for Oberon,
caused already severe problems in fitting our thermal measure-
ments. The TPM predictions for the PACS measurements would
decrease by 5-15% and the match to the observations would
not be acceptable (outside 3-0). The higher thermal inertia pre-
dictions would fit the IRS spectrum at short wavelength below
22 um and beyond 35 ym, but not in between. Overall, we can
exclude a thermal inertia larger than about 15Jm=2 s> K~! and
smaller than about 5Jm~2 s> K~! for Titania.

The Herschel-PACS measurements of Titania cover mainly
the trailing hemisphere (1st, 2nd, and 5nd epoch) and a clean
leading or trailing analysis is not possible. However, we ran our
analysis on these trailing hemisphere measurements (three PACS
epochs and IRS-2) and compared the results with the leading
hemisphere IRS-1 measurement. The trailing data give a very
consistent (reduced y? of 0.7) solution with a thermal inertia
between 5 and 9 Jm~2 5703 K~!. But this solution overestimates
the fluxes from the IRS-1 spectrum. A higher thermal inertia of
9-15TJm=2 5793 K~! is needed to explain the leading hemisphere
data. There are no PACS data to confirm this finding and due
to the reduction and stray light residuals in the IRS spectra so
close to Uranus; thus, this can only be considered an indication
of differences between both hemispheres.

The overall consistency (%) of the models with colour

corrected PACS fluxes for all five epochs are 0.97 +0.02,
0.97 +0.03, and 0.99 + 0.03 at 70, 100, and 160 um, respectively.
An illustrated comparison for epoch 2 is shown in Fig. 8.

6.3. Umbriel

The standard radiometric search for the object’s best size, albedo,
and thermal properties led to an unrealistically small thermal
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Fig. 8. Thermophysical model of Titania between 5 and 300 um (black
line) for the second epoch (2011-07-12). Photometric measurements are
PACS observations (red boxes), the IRTF observation (blue diamond)
and the Spitzer-IRS CASSIS data (orange spectrum: leading hemisphere
observation; red spectrum: trailing hemisphere data). For an explanation
of the IRTF and IRS data re-scale, see text and caption of Fig. 7. The
insert shows the resulting TPM surface temperature map of Titania for
the range 40-85 K.

inertia below 5Jm2s % K~ and a diameter of just below
1100 km (py ~0.30), with reduced x* values close to 1.0. The
size and albedo values are in clear contradiction to the published
values of 1170km and py =0.26 (Karkoschka 2001). Taking the
larger size requires a higher thermal inertia to fit all observed
fluxes. Intermediate levels of surface roughness, combined with
thermal inertias between 5 and 15 m=2 5703 K~! seem to fit best
(reduced y? values just below the 1.7 threshold).

However, if we look at the observation-to-model ratios we
can identify a few observations which suffer from low signal-to-
noise ratios (all five PACS measurements at 160 ym and both IRS
15 um spectral parts have S /N < 3), but our radiometric weighted
solutions handle correctly the proper flux errors. More problem-
atic are the long-wavelengths fluxes when Umbriel had only a
small apparent separation (below 7”) from Uranus: the PACS
100 and 160 um measurements from 26-Dec.-2011 and also the
long-wavelength parts of both IRS spectra beyond about 22 um
seem to be affected by residual Uranus PSF features. Excluding
these problematic measurements, we obtained reduced )(Z—values
close to 1.0 (for the fixed size of 1170 km), with a preference
for a lower surface roughness (around 0.3) than for Oberon
and Titania, and a thermal inertia in the range between 5 and
12TJm™2s 05K

The Umbriel data have a well-balanced coverage of the lead-
ing (PACS 1st epoch, IRS-1) and trailing (PACS 5th epoch,
IRS-2) hemispheres. Separate fits to the data for the two hemi-
spheres led to the following results: the fits to the trailing
hemisphere data are excellent (reduced )(2 well below 1.0) with
a thermal inertia at the lower end (around 5Jm2s 03 K1).
The leading hemisphere data show an indication for a slightly
higher thermal inertia closer to 10Jm™2s™%°K~'. However,
within the error bars, both sets can be fit with an intermediate
solution.

The overall consistency %) of the models with colour
corrected PACS fluxes for all five epochs is 1.02+0.05,
1.05+0.08, and 1.16 £0.12 at 70, 100, and 160 um, respec-
tively. Excluding the second and third epoch, where Umbriel
is at less than 9” apparent separation from Uranus, slightly
improves the 70um ratio (1.01 £0.04), but not the 100
and 160um ratios (1.05+0.08 and 1.23+0.13, respec-
tively). An illustrated comparison for epoch 2 is shown in
Fig. 9.

(f cC
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Fig. 9. Thermophysical model of Umbriel between 5 and 300 um (black
line) for the second epoch (2011-07-12). Photometric measurements
are PACS observations (red boxes), the IRTF observation (blue dia-
mond), and the Spirzer-IRS CASSIS data (orange spectrum: leading
hemisphere observation; red spectrum: trailing hemisphere data). The
CASSIS spectra suffer from Uranus stray light longward of 22 ym. For
an explanation of the IRTF and IRS data re-scale, see text and caption
of Fig. 7. The insert shows the resulting TPM surface temperature map
of Umbiriel for the range 40-85 K.

6.4. Ariel

Ariel was also seen by IRTF, Spitzer-IRS (leading and trailing),
and Herschel-PACS. However, the thermal IR fluxes are even
lower than for Umbriel and the apparent distances to Uranus are
smaller. Two PACS measurement sequences (08-Jun.-2012 and
14-Dec.-2012) were taken with Ariel below 6” separation and had
to be skipped. None of the IRS spectra are usable: the fluxes are
too high by factors of 3 -45 (cf. Fig. 10).

A first radiometric analysis (just PACS 70/100 um fluxes
and the IRTF flux) produced sizes between about 1100 and
1400 km and only a very weak constraint on the thermal iner-
tia (values below 100Jm=2s7%3 K=1). Using the size constraint
of 1159 km (a x b: 581 km x 578 km, Karkoschka 2001) requires
a thermal inertia between 6 and 25Jm~2s7> K~! for an inter-
mediate surface roughness. However, the reduced y? is larger
than 2.0 and a closer inspection shows a clear separation in the
fits to the leading and trailing hemispheres. Taking the PACS
measurements for the leading hemisphere (2011-Jul.-12) and the
trailing hemisphere (2010-Dec.-13, and 2011-Dec.-26) separately
gives much better fits (reduced y? close to 1.0), indicating a lower
thermal inertia (5-13 Jm~2 s~ K1) for the leading hemisphere,
and a higher thermal inertia (1340 Jm~2 57> K1) for the trail-
ing hemisphere. Although the IRS spectra cannot be used for the
radiometric studies, the flux levels for the leading hemisphere
are about 5-10% higher. This also points to a lower thermal iner-
tia for the leading side compared to the trailing side. With our
final solution, we calculated a maximum brightness temperature
of about 86 K for the South-pole viewing geometry in early 1986.
This compares very well with the maximum brightness temper-
ature of 84 + 1 K seen by Voyager-2/IRIS (Hanel et al. 1986).

The overall consistency (’}“ﬁﬁ) of the models with colour
corrected PACS fluxes for all five epochs is 1.07+0.12,
0.94 +0.29, and 2.09 + 0.48 at 70, 100, and 160 um, respectively.
The high 160 um ratio of >2 is due to the fact that the measured
values are all, except for one, far too low. Excluding the fourth
and fifth epoch, where Ariel is at less than 6”apparent separa-
tion from Uranus, improves the consistency at 70 and 100 um
considerably with ratios of 0.99 +0.04, 1.00 £ 0.17, respectively.
However, due to the generally low 160 um fluxes, this ratio
(2.20+£0.11) does not improve. An illustrated comparison for
epoch 2 is shown in Fig. 10.
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Fig. 10. Thermophysical model of Ariel between 5 and 300 um (black
line) for the second epoch (2011-07-12). Photometric measurements
are PACS observations (red boxes), the IRTF observation (blue dia-
mond). and the Spitzer-IRS CASSIS data (orange spectrum: leading
hemisphere observation; red spectrum: trailing hemisphere data). The
CASSIS spectra suffer from Uranus stray light over their full wavelength
range. For an explanation of the IRTF and IRS data re-scale, see the
text and caption of Fig. 7. The insert shows the resulting TPM surface
temperature map of Ariel for the range between 40-85 K.

6.5. Miranda

For Miranda we have only the PACS measurements, but nei-
ther IRTF nor Spitzer-IRS data. The object was always within
10” from Uranus and the contamination problems are severe. We
eliminated all 160 um fluxes which are clearly completely off. In
addition, we skipped the second- and fourth-epoch data, when
Miranda was only at 3”4 and 4”4 apparent distance, respectively.
For the last epoch, we also had to take out the 100 ym data.

In the end, only very few data points remained and the
required coverage (in aspect angles, wavelengths, leading and
trailing geometries, etc.) is missing for a robust radiometric
analysis. With the size (474km) and albedo (py = 0.45) we
only obtained an upper limit of about 50Jm™2s %> K~! for
Miranda’s thermal inertia. Larger values would force the TPM
calculations to smaller fluxes which are not compatible with the
highest S/N detections by PACS (the upper limit goes down to
20Jm~25705K~!, if we consider only the best 70 um fluxes).
The corresponding TPM calculations (with a thermal inertia
below 20Jm=2 5793 K1) for the Voyager-2/IRIS measurements
in January 1986 produce a maximum temperature of about 87 K,
in excellent agreement with the 86 + 1 K by Hanel et al. (1986).

6.6. Discussion

Table 7 provides an overview of the derived model parameters.
Using these model SEDs, we also calculated the colour cor-
rection factors to be applied to the measured PACS fluxes (cf.
Tables A.2-A.6).

How do the derived properties for the Uranian satellites
compare with thermal inertias of other satellites and distant
trans-neptunian objects (TNOs)? Lellouch et al. (2013) analysed
a large sample of TNOs and foundaI’'=2.5+0.5J m=2 s~1/2 K~!
for objects at heliocentric distances of rueo = 20-50 AU
(decreasing values for increasing heliocentric distance). The
Uranian system is at about 20 AU and therefore one would expect
(under the assumption of TNO-like surfaces) to find low values,
maybe up to 5J m™2 s71/2 K1,

However, looking at dwarf planets, these general TNO-
derived values are usually exceeded: Haumea is at 1.5, = ~51 AU
and it was found to have a thermal inertia of around
10T m™2 s71/2 K~! (Miiller et al. 2019). The thermal inertias
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Table 7. Overview of the best thermophysical model parameter ranges and the resulting PACS filter colour correction factors cc.

Object r Surface roughness  ccy CCloo0  CCie0
m72s 9K (rms)

Titania (UIII) [703] 7-11 0.4 0.984 0.999 1.032

Oberon (UIV) [704] 20 0.5 0984 0999 1.032

Umbriel (UII) [702] 5-12 0.3 0.984 0.999 1.032

Ariel (UI) [701] 5-13 (LH), 1340 (TH) 0.5 0.983 0.997 1.030

Miranda (UV) [705] <20 0.5 0.983 0998 1.030

of Pluto and Charon (at rjio > 30 AU) are even larger: [pjy =
1626Im™2% s '/2 K~! and Tchgon = 9-14Tm~2 s~1/2 K-!
(Lellouch et al. 2011, 2016). And putting the Pluto-Charon
system closer to the Sun would increase the values significantly
(assuming that the T? term dominates in the thermal conductiv-
ity, then the thermal inertia scales with o r3/4; see e.g. Delbo
et al. 2015). In case of Pluto-Charon, the high I'-values are
attributed to a large diurnal skin depth due to their slow rotation
(~P'/? dependence; see also discussion in Kiss et al. 2019).
In summary, the Uranian satellites Oberon, Titania, Umbriel,
Ariel, and Miranda have thermal inertias which are higher than
the very low values found for TNOs and Centaurs at 30 AU
heliocentric distance. It seems that the thermal properties of the
icy satellite surfaces are closer to the properties found for the
TNO dwarf planets Pluto and Haumea.

7. Conclusions

In this study, we successfully demonstrate an image processing
technique for PACS photometer data, allowing us to remove the
bright central PSF of Uranus and reconstructing source fluxes
of its five major satellites on the order of 1073 of Uranus. We
obtained reliable moon fluxes outside radii of 7’8, 11”71, and
1778 at 70, 100, and 160 um, respectively, which corresponds
to ~3x the half width at half maximum of the standard PSF
(FWHMpsg = 576, 6”8 and 10”7, respectively). For Titania and
Oberon we have established full sets of 70, 100, and 160 um PSF
photometry for all five observing epochs. For Umbriel, there are
two epochs (1 & 5) with high quality 70 and 100 um photometry
and for Ariel, there are three epochs (1-3). The 160 yum photom-
etry of these two moons is either of low quality (Umbriel) or
unreliable (Ariel). For Miranda, 70 um flux estimates could be
obtained for two epochs (1 & 3). This new FIR photometry, in
combination with auxiliary data at shorter wavelengths from lit-
erature, has allowed us to establish TPM solutions for the five
major Uranus satellites and to put constraints on their thermal
inertia and surface roughness.
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Appendix A: PSF subtracted maps and

photometry of individual maps

A.1. 70um maps of Uranian moons
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Fig. A.1. 70 um maps of the Uranus moons after subtraction of the Uranus PSF reference. Pixel scale is 17 1. Moons for which the PSF is not or
only slightly affected by PSF subtraction residuals are labelled in white. The central positions of moons for which the PSF is more significantly
affected by PSF subtraction residuals or which are located closely together are marked by a red cross. If only the initial of a moon is labelled, then
its PSF peak is located inside the critical residual area. The central position of Uranus is marked by a black or white cross and labelled in italics.
The positions of the moons relative to Uranus within plus minus one day of the observation are indicated by small red lines (we note that these
refer to the Uranus position at the time of observation). Since Miranda has an orbital period of P =1.413d, a closed orbit line is seen.
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A.2. 100um maps of Uranian moons
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Fig. A.2. 100 um maps of the Uranus moons after subtraction of the Uranus PSF reference. Pixel scale is 1”4. Moons for which the PSF is not or
only slightly affected by PSF subtraction residuals are labelled in white. The central positions of moons for which the PSF is more significantly
affected by PSF subtraction residuals or which are located closely together are marked by a red cross. If only the initial of a moon is labelled, then
its PSF peak is located inside the critical residual area. The central position of Uranus is marked by a black or white cross and labelled in italics.
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A.3. 160um maps of Uranian moons
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Fig. A.3. 160 um maps of the Uranus moons after subtraction of the Uranus PSF reference. Pixel scale is 2" 1. Moons for which the PSF is not or
only slightly affected by PSF subtraction residuals are labelled in white. The red cross marks the central positions of moons for which the PSF is
more significantly affected by PSF subtraction residuals or which are located closely together are marked. If only the initial of a moon is labelled,
then its PSF peak is located inside the critical residual area. The central position of Uranus is marked by a black or white cross and labelled in
italics.
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A.4. Photometry of Uranus from individual maps

Table A.1. Photometry of Uranus.

sured dist: ted
OBSID OD MJD Aref Jrotal (rﬂziige O par Ored Otot Ulr:"?l?gc eeonecte Thelio Aobs

mid-time obs. ~ um  (Jy) dy) dy) dy)  dy) dy) (AU)  (AU)

1342211117 579 5554372060  70.0 871.595 866.586 0.336 0.535 0.632 862.636 20.090 19.975
160.0 667.551 665.241 0.420 0.453 0.617 662.207

1342211118 579 5554372464  70.0 869.527 864.426 0.321 1.072 1119 860.492 20.090 19.975
160.0 670.427 668.005 0.467 0.505 0.688 664.963

1342211120 579 55543.73128 100.0 888.362 884.066 0.317 0.354 0475 880.049 20.090 19.975
160.0 669.061 666.696 0.415 0411 0.584 663.668

1342211121 579 5554373532 100.0 887.348 882.873 0.322 0302 0.441 878.867 20.090 19.975
160.0 670.997 668.587 0.475 0.742 0.881 665.555

1342223982 789 55754.05794  70.0 886.482 881.336 0.366 0.360 0.513 862.139 20.083  19.801
160.0 678.418 675964 0.397 0364 0.539 661.239

1342223983 789  55754.06198 70.0 882.336 877252 0.377 0.338 0.540 858.138 20.083  19.801
160.0 681.133  678.773 0.432 0.380 0.575 663.982

1342223985 789 55754.06862 100.0 905.048 900.614 0.321 0.433 0.539 880.977 20.083  19.801
160.0 677957 675.510 0.416 0.109 0.430 660.783

1342223986 789  55754.07266 100.0 901.061 896.569 0.299 0.588 0.656 877.015 20.083  19.801
160.0 683.285 680.924 0.442 0.291 0.529 666.075

1342235629 957 55921.94924  70.0 858994 853.920 0.381 1.098 1.162 862.251 20.076  20.118
160.0 656.857 654.588 0.404 0.491 0.636 660.973

1342235630 957 55921.95328  70.0 856.286 851.288 0.371 1.424 1472 859.599 20.076  20.118
160.0 659.070 656.766 0.441 0.322 0.546 663.176

1342235632 957 55921.95992 100.0 874.231 870.139 0.307 0.405 0.509 878.640 20.076  20.118
160.0 657920 655.652 0.428 0.672 0.796 662.060

1342235633 957 55921.96396 100.0 872.182 867978 0.318 0.512 0.603 876.465 20.076  20.118
160.0 661.010 658.770 0.470 0.366 0.596 665.212

1342246772 1121 56086.18500  70.0 835.110 830.155 0.384 0910 0.988 862.297 20.069 20.404
160.0 638.110 635998 0.414 0.569 0.704 660.620

1342246773 1121 56086.18904  70.0 833.527 828.737 0.392 1504 1.554 860.819 20.069 20.404
160.0 640.467 638.325 0.426 0.900 0.996 663.034

1342246774 1121 56086.19308 100.0 851492  847.114 0.337 0.207 0.395 879.898 20.069 20.404
160.0 639.878 637.673 0.413 0.709 0.820 662.352

1342246775 1121 56086.19712  100.0 849.254 844.839 0.332 0.554 0.646 877.528 20.069 20.404
160.0 640.252 637971 0.482 0.340 0.590 662.657

1342257193 1310  56275.07361 70.0 883.668 878.500 0.361 0.910 0.979 861.196 20.059 19.823
160.0 677.071 674596 0.417 0.445 0.610 661.307

1342257194 1310 56 275.07765 70.0 880.011 874.862 0.360 1.234 1.286 857.635 20.059 19.823
160.0 681.238 678930 0.427 0.644 0.773 665.561

1342257195 1310  56275.08169 100.0 902.984 898.793 0.296 0.459 0.546 881.098 20.059 19.823
160.0 678.415 676.120 0.410 0.463 0.619 662.810

1342257196 1310  56275.08573 100.0 899.319 894907 0.321 0.478 0.576 8717.294 20.059 19.823
160.0 680.801 678.403 0.458 0.556 0.720 665.053

fmeasured

Notes. fio gives the total flux of the Uranus system (Uranus plus the moons). fipea

gives the flux at the actual distance of Uranus to Herschel.
2

S‘rf“;‘]‘l‘;“""“wd gives the flux corrected to the same mean distance (Aopsmean = 20.024 AU) by scaling | S‘r;‘;‘l‘l's““’"“wd = (ﬁ) X f{ﬂg“‘lﬁ‘s”d. Acps 18

the range of target centre wrt. the observer, i.e. Herschel, rygii, is the light-time corrected heliocentric range. oy, is the uncertainty in the PSF fitting

parameters, 0.4 is the uncertainty due to the reduction method (dependence on the map parameter selection), o is the geometrical mean of the

latter two uncertainties. The five epochs with 4 observations each are separated by horizontal lines.
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A.5. PSF photometry of moons from individual maps
Table A.2. PSF photometry of Titania.

Jmoon, Fheli
OBSID oD MID Aref fmoon. fmoon O par Ored Ttot fmoon,cc fmodel e Thelio Aobs a fu-o ol

SUranus Smodel 17

helio
mid-time obs.  pm (107) Jy) dy) Uy Jy) dy)  dy (AU)  (AU)  (deg) ()

1342211117 579 55543.72060 70.0 1926 1.669 0.0011 0.0164 0.0165 1.696 1.650 1.028 20.088 19.973 L2.826 21.86 +0.72(TH)
160.0 1315 0.875 0.0061 0.0094 0.0112 0.848 0.839 1.010

1342211118 579 55543.72464 70.0 1943 1.680 0.0011 0.0181 0.0181 1.707 1.650 1.034 20.088 19.973 L2.826 2192 +0.72(TH)
160.0 1.282 0.856 0.0061 0.0149 0.0161 0.830 0.839 0.989

1342211120 579 55543.73128 100.0 1597 1412 0.0018 0.0058 0.0061 1413 1385 1.020 20.088 19.973 L2.826 22.01 +0.72(TH)
160.0 1.296 0.864 0.0060 0.0082 0.0102 0.837 0.839 0.998

1342211121 579 55543.73532 100.0 1.583 1.398 0.0019 0.0056 0.0059 1.399 1385 1.010 20.088 19.973 L2.826 22.07 +0.72(TH)
160.0 1.277 0.854 0.0058 0.0125 0.0138 0.827 0.839 0.986

1342223982 789 55754.05794  70.0 1.934 1.705 0.0012 0.0151 0.0152 1.732 1.697 1.021 20.084 19.802 T 2.837 29.52 +0.97(TH)
160.0 1.307 0.884 0.0031 0.0087 0.0093 0.856 0.860 0.996

1342223983 789 55754.06198  70.0 1949 1.710 0.0012 0.0163 0.0164 1737 1.697 1.024 20.084 19.802 T 2.837 29.50 +0.97 (TH)
160.0 1.336 0.907 0.0033 0.0064 0.0072 0.878 0.860 1.022

1342223985 789 55754.06862 100.0 1.631 1.469 0.0015 0.0059 0.0061 1471 1422 1.034 20.084 19.802 T 2.837 29.47 +0.97(TH)
160.0 1.285 0.868 0.0032 0.0152 0.0156 0.841 0.859 0.979

1342223986 789 55754.07266 100.0 1.623 1.455 0.0014 0.0051 0.0053 1457 1422 1.024 20.084 19.802 T 2.837 29.45 +0.97(TH)
160.0 1.297 0.883 0.0033 0.0086 0.0092 0.856 0.859 0.996

1342235629 957 55921.94924 70.0 1.909 1.630 0.0022 0.0083 0.0986 1.656 1.635 1013 20.079 20.121 L2.828 14.56 -0.46(BH)
160.0 1.326 0.868 0.0243 0.0151 0.0286 0.841 0.829 1015

1342235630 957 5592195328 70.0 1978 1.684 0.0022 0.0207 0.0209 1.711  1.635 1.047 20.079 20.121 L2.828 14.63 -0.47(BH)
160.0 1.276 0.838 0.0234 0.0449 0.0507 0.812 0.829 0.980

1342235632 957 55921.95992 100.0 1.666 1.449 0.0057 0.0058 0.0082 1.451 1371 1.058 20.079 20.121 L2.828 14.74 -0.47(BH)
160.0 1.269 0.832 0.0246 0.0155 0.0291 0.806 0.829 0.972

1342235633 957 55921.96396 100.0 1.689 1.466 0.0067 0.0093 0.0114 1468 1371 1.070 20.079 20.121 L2.828 14.81 -0.47(BH)
160.0 1.340 0.883 0.0233 0.0113 0.0259 0.855 0.829 1.032

1342246772 1121 56086.18500  70.0 1.895 1.573 0.0017 0.0115 0.0116 1.599 1.608 0.994 20.071 20.407 T2.744 14.34 +0.36(BH)
160.0 1.349 0.858 0.0134 0.0075 0.0154 0.831 0.813 1.023

1342246773 1121 56086.18904  70.0 1.967 1.630 0.0014 0.0382 0.0382 1.657 1.608 1.030 20.071 20.407 T2.744 14.28 +0.35(BH)
160.0 1.276 0.815 0.0138 0.0293 0.0324 0.789 0.813 0.971

1342246774 1121 56086.19308 100.0 1.556 1.318 0.0031 0.0094 0.0099 1319 1.346 0980 20.071 20.407 T2.744 14.23 +0.35(BH)
160.0 1.327 0.847 0.0143 0.0262 0.0299 0.820 0.813 1.009

1342246775 1121 56086.19712 100.0 1590 1.343 0.0026 0.0072 0.0077 1.344 1346 0.999 20.071 20.407 T2.744 1418 +0.35(BH)
160.0 1274 0.813 0.0139 0.0205 0.0248 0.788 0.813 0.969

1342257193 1310 56275.07361  70.0 1963 1.724 0.0011 0.0174 0.0175 1.752 1.695 1.034 20.057 19.821 L2.774 23.80 +0.76(TH)
160.0 1.379 0.931 0.0047 0.0161 0.0168 0902 0.857 1.052

1342257194 1310 56275.07765 70.0 1977 1729 0.0012 0.0137 0.0138 1.757 1.695 1.037 20.057 19.821 L2.774 23.85 +0.76(TH)
160.0 1374 0.933 0.0048 0.0157 0.0165 0.904 0.857 1.055

1342257195 1310 56275.08169 100.0 1.654 1.487 0.0014 0.0144 0.0145 1488 1419 1.048 20.057 19.821 L2774 23.90 +0.76(TH)
160.0 1412 0.955 0.0047 0.0243 0.0248 0.925 0.857 1.079

1342257196 1310 56275.08573 100.0 1.642 1470 0.0017 0.0046 0.0049 1471 1419 1.037 20.057 19.821 L2774 2395 +0.76(TH)
160.0 1.404 0.952 0.0047 0.0265 0.0269 0923 0.857 1.077

Notes. Applied colour correction factors cc to derive colour corrected fluxes fiooncc, are listed in Table 7. ryj, s the light-time corrected helio-
centric range, A, is the range of target centre wrt. the observer, i.e. Herschel, a is the phase angle with indication of L(eading) or T(railing) the
Sun and 6y_g is the angular separation from Uranus. fy is the heliocentric range rate and e indicates L(eading) H(emisphere) or T(railing)

-max:
Mol

H(emisphere), if the absolute value of the ratio is greater than %, or B(oth) H(emispheres) otherwise. All five figures have been computed with the
JPL Horizons On-Line Ephemeris System. The five epochs with 4 observations each are separated by horizontal lines.
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fmoon

Jmoon,ce

Thelio

OBSID oD MID Aret Foranus Smoon  Opar Ored Ot Jmoonce Sfmodel Frnodel Thelio Aobs a 6u-o [P |
mid-time obs.  pum (107) Jy)  Jy) Uy Jy) dy)  dy) (AU)  (AU)  (deg) (")

1342211117 579 5554372060 70.0 1.892 1.639 0.0229 0.1034 0.1059 1.666 1529 1.090 20.086 19.971 L2.826 6.31 +0.03(BH)
160.0 1212 0.806 0.1168 0.0594 0.1310 0.781 0.782 0.999

1342211118 579 55543.72464 70.0 1.796 1553 0.0241 0.0561 0.0610 1578 1.529 1.032 20.086 19971 L2826 6.32 +0.03(BH)
160.0 1.266 0.846 0.1205 0.0469 0.1293 0.819 0.782 1.048

1342211120 579 55543.73128 100.0 1.612 1425 0.0316 0.1059 0.1105 1426 1288 1107 20.086 19.971 L2.826 6.35 +0.03(BH)
160.0 1.226 0.817 0.1143 0.0902 0.1456 0.792 0.782 1.013

1342211121 579 5554373532 100.0 1776 1.568 0.0319 0.0324 0.0454 1569 1288 1218 20.086 19.971 L2.826 6.37 +0.03(BH)
160.0 1.216 0.813 0.1161 0.0586 0.1300 0.788 0.782 1.007

1342223982 789 55754.05794 70.0 1.828 1.611 0.0010 0.0077 0.0078 1.637 1578 1.038 20.086 19.804 T 2.837 30.90 -0.74(LH)
160.0 1.193 0.807 0.0029 0.0069 0.0075 0.781 0.803 0.973

1342223983 789 55754.06198  70.0 1867 1.638 0.0011 0.0116 0.0117 1.664 1578 1.055 20.086 19.804 T 2.837 30.95 -0.74(LH)
160.0 1.232 0.836 0.0028 0.0113 0.0116 0.810 0.803  1.009

1342223985 789 55754.06862 100.0 1.526 1.374 0.0012 0.0114 0.0115 1376 1326 1.037 20.086 19.804 T 2.837 31.02 -0.74(LH)
160.0 1.223 0.826 0.0029 0.0044 0.0052 0.801 0.803 0.997

1342223986 789 55754.07266 100.0 1.559 1.398 0.0015 0.0127 0.0128 1.400 1326 1.055 20.086 19.804 T 2.837 31.07 -0.74(LH)
160.0 1.232 0.839 0.0028 0.0076 0.0081 0.813 0.803 1.012

1342235629 957 55921.94924 70.0 1.842 1.573 0.0011 0.0138 0.0138 1599 1519 1.053 20.073 20.115 L2.829 24.69 +0.58(BH)
160.0 1251 0.819 0.0038 0.0106 0.0113 0.794 0.774 1.025

1342235630 957 55921.95328 70.0 1851 1.576 0.0012 0.0154 0.0154 1.601 1.519 1.054 20.073 20.115 L2.829 2475 +0.58(BH)
160.0 1.219 0.800 0.0038 0.0043 0.0058 0.776  0.774 1.002

1342235632 957 55921.95992 100.0 1.517 1320 0.0014 0.0089 0.0090 1321 1.277 1.035 20.073 20.115 L 2.829 24.84 +0.59(BH)
160.0 1241 0.814 0.0037 0.0082 0.0090 0.789 0.774 1.019

1342235633 957 55921.96396 100.0 1.558 1.353 0.0019 0.0086 0.0088 1.354 1.277 1.060 20.073 20.115 L2.829 24.89 +0.59(BH)
160.0 1.244 0.819 0.0038 0.0125 0.0130 0.794 0.774 1.026

1342246772 1121 56086.18500  70.0 1.923 1.597 0.0012 0.0334 0.0335 1.623 1.500 1.082 20.070 20.406 T 2.744 3758 +0.95(TH)
160.0 1.246 0.792 0.0031 0.0089 0.0095 0.768 0.761 1.009

1342246773 1121 56086.18904 70.0 1.890 1.566 0.0012 0.0328 0.0328 1591 1.500 1.061 20.070 20.406 T 2.744 3756 +0.95(TH)
160.0 1215 0.776 0.0034 0.0081 0.0088 0.752 0.761 0.988

1342246774 1121 56086.19308 100.0 1.535 1.300 0.0014 0.0057 0.0059 1301 1.258 1.034 20.070 20.406 T2.744 3754 +0.95(TH)
160.0 1.225 0.781 0.0031 0.0043 0.0053 0.757 0.761  0.995

1342246775 1121 56086.19712 100.0 1.525 1.289 0.0015 0.0074 0.0075 1290 1.258 1.025 20.070 20.405 T2.744 3752 +0.95(TH)
160.0 1.195 0.762 0.0034 0.0070 0.0077 0.739 0.761 0.971

1342257193 1310 56275.07361  70.0 1.850 1.625 0.0011 0.0129 0.0129 1.651 1.579 1.046 20.060 19.824 L2773 3588 +0.86(TH)
160.0 1201 0.811 0.0032 0.0054 0.0063 0.785 0.802 0.979

1342257194 1310 56275.07765 70.0 1.866 1.632 0.0011 0.0176 0.0177 1.659 1579 1.051 20.060 19.824 L 2.773 35.84 +0.86(TH)
160.0 1.202 0.816 0.0033 0.0036 0.0049 0.791 0.802 0.986

1342257195 1310 56275.08169 100.0 1.553 1.396 0.0013 0.0148 0.0149 1.397 1.325 1.055 20.060 19.824 L2.773 35.81 +0.86(TH)
160.0 1.224 0.828 0.0031 0.0044 0.0054 0.802 0.802 1.000

1342257196 1310 56275.08573 100.0 1.544 1.382 0.0013 0.0128 0.0128 1.383  1.325 1.044 20.061 19.825 L2.773 35.78 +0.86(TH)
160.0 1.178 0.799 0.0033 0.0097 0.0103 0.775 0.802 0.966

Notes. Applied colour correction factors cc to derive colour corrected fluxes fioon.cc, are listed in Table 7. ryejio 1 the light-time corrected heliocentric
range, A 1S the range of target centre wrt. the observer, i.e. Herschel, « is the Phase angle with indication of L(eading) or T(railing) the Sun,

and 6y_o is the angular separation from Uranus. iy is the heliocentric range rate and

Thelio

“max
ol

indicates L(eading) H(emisphere) or T(railing)

H(emisphere), if the absolute value of the ratio is greater than 2, or B(oth) H(emispheres) otherwise. All five figures have been computed with the
JPL Horizons On-Line Ephemeris System. The five epochs with 4 observations each are separated by horizontal lines.
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Table A.4. PSF photometry of Umbriel.

OBSID OD MID Aref Jmoon_ fmoon O par Ored Ttot fmoon,cc fmodel Jmoon,co Fhelio Aops a fu-o '}rheelni?

Jranus Jmodel I

helio
mid-time obs.  gm (107) dy)  dy)  Jy)  dy) dy)  dy) (AU)  (AU)  (deg) ()

1342211117 579 55543.72060 70.0 0.962 0.833 0.0035 0.0182 0.0185 0.847 0915 0926 20.091 19976 L2.825 1659 -0.90(LH)
160.0 0.662 0.440 0.0380 0.0315 0.0494 0427 0.463 0.921

1342211118 579 55543.72464 70.0 1.017 0.880 0.0034 0.0116 0.0121 0.894 0915 0977 20.091 19976 L2.825 16.64 -0.90(LH)
160.0 0.666 0.445 0.0374 0.0304 0.0482 0.431 0.463 0.931

1342211120 579 55543.73128 100.0 0.812 0.718 0.0059 0.0076 0.0096 0.719 0.766 0.938 20.091 19976 L2.825 16.71 -0.91(LH)
160.0 0.657 0.438 0.0380 0.0235 0.0446 0.425 0.463 0.917

1342211121 579 55543.73532 100.0 0.863 0.762 0.0059 0.0051 0.0078 0.763 0.766 0.996 20.091 19.976 L2.826 16.76 -0.91(LH)
160.0 0.700 0.468 0.0378 0.0311 0.0489 0453 0.463 0.979

1342223982 789 55754.05794 70.0 1.043 0.919 0.0107 0.0157 0.0189 0934 0941 0992 20.085 19.803 T2.837 8.62 +0.38(BH)
160.0 0.707 0.478 0.0942 0.0687 0.1166 0463 0474 0.977

1342223983 789 55754.06198  70.0 1.062 0.932 0.0080 0.0200 0.0215 0947 0941 1.007 20.085 19.803 T 2.837 8.54 +0.37(BH)
160.0 0.638 0.433 0.0911 0.0345 0.0974 0420 0474 0.885

1342223985 789 55754.06862 100.0 0.898 0.809 0.0235 0.0144 0.0275 0.810 0.786 1.030 20.085 19.803 T2.836 8.42 +0.36(BH)
160.0 0.744 0.503 0.1010 0.0956 0.1391 0.487 0474 1.027

1342223986 789 55754.07266 100.0 0.884 0.793 0.0196 0.0125 0.0232 0.794 0.786 1.010 20.085 19.803 T2.836 8.34 +0.36(BH)
160.0 0.715 0.487 0.0954 0.0522 0.1088 0.472 0474 0.995

1342235629 957 55921.94924 70.0 0.905 0.773 0.0252 0.0502 0.0561 0.785 0.907 0.866 20.075 20.116 L2.828 7.09 -0.33(BH)
160.0 0.637 0.417 0.1653 0.0313 0.1683 0.404 0.457 0.884

1342235630 957 55921.95328 70.0 0.991 0.843 0.0199 0.0250 0.0320 0.857 0.907 0.945 20.075 20.116 L2828 701 -0.33(BH)
160.0 0.646 0.425 0.1646 0.1205 0.2040 0.411 0.457 0.900

1342235632 957 55921.95992 100.0 0.747 0.650 0.0463 0.0437 0.0636 0.651 0.758 0.858 20.075 20.117 L2.828 6.87 -0.32(BH)
160.0 0.742 0.486 0.1785 0.0488 0.1850 0.471 0.458 1.029

1342235633 957 55921.96396 100.0 0.815 0.708 0.0425 0.0293 0.0516 0.708 0.758 0.935 20.075 20.117 L2828 6.78 -0.31(BH)
160.0 0.584 0.385 0.1688 0.0519 0.1767 0373 0.458 0.813

1342246772 1121 56086.18500  70.0 1.022 0.848 0.0063 0.0173 0.0184 0.862 0.892 0.966 20.070 20.406 T 2.744 10.30 —0.49 (BH)
160.0 0.616 0.392 0.0724 0.0611 0.0947 0379 0.448 0.847

1342246773 1121 56086.18904 70.0 1.072 0.889 0.0082 0.0275 0.0287 0903 0.892 1.013 20.070 20.406 T 2.744 10.37 -0.49(BH)
160.0 0.646 0.412 0.0787 0.0508 0.0936 0.399 0.448 0.892

1342246774 1121 56086.19308 100.0 0.778 0.659 0.0132 0.0086 0.0157 0.660 0.744 0.887 20.070 20.406 T 2.744 10.44 -0.50(BH)
160.0 0.570 0.363 0.0773 0.0651 0.1011 0.352 0.448 0.786

1342246775 1121 56086.19712 100.0 0.736 0.622 0.0162 0.0308 0.0348 0.623 0.744 0.837 20.070 20.406 T 2.744 10.51 -0.50(BH)
160.0 0.442 0.282 0.0734 0.0477 0.0876 0.273 0.448 0.610

1342257193 1310 56275.07361  70.0 1.078 0.947 0.0029 0.0075 0.0081 0963 0.940 1.024 20.058 19.822 L2.774 15.83 +0.84(TH)
160.0 0.510 0.344 0.0344 0.0396 0.0524 0.333 0473 0.705

1342257194 1310 56275.07765 70.0 1102 0.964 0.0034 0.0104 0.0110 0980 0.940 1.042 20.058 19.822 L2774 15.88 +0.85(TH)
160.0 0.573 0.389 0.0314 0.0435 0.0536 0.377 0473 0.797

1342257195 1310 56275.08169 100.0 0.905 0.814 0.0064 0.0042 0.0077 0.815 0.785 1.038 20.058 19.822 L2.774 15.94 +0.85(TH)
160.0 0.523 0.354 0.0373 0.0469 0.0599 0.343 0473 0.725

1342257196 1310 56275.08573 100.0 0.896 0.802 0.0056 0.0038 0.0068 0.803 0.785 1.023 20.058 19.822 L2.774 15.99 +0.86(TH)
160.0 0.445 0.302 0.0380 0.0625 0.0731 0.293 0473 0.618

Notes. Applied colour correction factors cc to derive colour corrected fluxes fiooncc, are listed in Table 7. rj, 1S the light-time corrected helio-
centric range, A.ps is the range of target centre wrt. the observer, i.e. Herschel, « is the Phase angle with indication of L(eading) or T(railing) the

Sun, and y_o is the angular separation from Uranus. iy, i the heliocentric range rate and Mo jndicates L(eading) H(emisphere) or T(railing)

I etiol
H(emisphere), if the absolute value of the ratio is greater than 2, or B(oth) H(emispheres) otherwise. All five figures have been computed with the
JPL Horizons On-Line Ephemeris System. The five epochs with 4 observations each are separated by horizontal lines.
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Table A.5. PSF photometry of Ariel.

) fmoonc o
OBSID oD MID Aref Jmoon_ fmoon O par Ored Ttot fmoon,cc fmodel Toonet Thelio Aobs a 6u-o '}I}"E:;;(()

Juranus Jmodel A

helio
mid-time obs.  gm  (107%) dy)  dy)  dy)  dy) dy)  dy) (AU)  (AU)  (deg) ()

1342211117 579 55543.72060 70.0 0.859 0.745 0.0063 0.0093 0.0112 0.758 0.751 1.009 20.090 19.975 L2826 13.15 +1.00(TH)
160.0 0.278 0.185 0.1387 0.0797 0.1600 0.179 0.410 0.438

1342211118 579 55543.72464 70.0 0.845 0.730 0.0069 0.0236 0.0246 0.743 0.751 0.989 20.090 19.975 L2826 13.14 +1.00(TH)
160.0 0.364 0.243 0.1345 0.0906 0.1621 0.236 0.410 0.576

1342211120 579 55543.73128 100.0 0.728 0.644 0.0130 0.0285 0.0313 0.645 0.656 0.984 20.090 19.975 L2826 13.12 +1.00(TH)
160.0 0.333 0.222 0.1316 0.0938 0.1616 0.216 0.410 0.526

1342211121 579 55543.73532 100.0 0.660 0.582 0.0148 0.0201 0.0249 0.584 0.656 0.890 20.090 19.975 L2.826 13.11 +0.99(TH)
160.0 0.413 0.276 0.1188 0.0816 0.1442 0.268 0.410 0.654

1342223982 789 55754.05794 70.0 0.932 0.821 0.0052 0.0107 0.0119 0.835 0.780 1071 20.083 19.802 T 2.837 13.05 -0.98(LH)
160.0 0.345 0.233 0.0974 0.0681 0.1188 0.226 0.422 0.537

1342223983 789 55754.06198  70.0 0.910 0.798 0.0056 0.0225 0.0232 0.812 0.779 1.042 20.083 19.802 T 2.837 13.07 -0.98(LH)
160.0 0.239 0.162 0.0914 0.0904 0.1286 0.157 0.422 0.372

1342223985 789 55754.06862 100.0 0.868 0.782 0.0103 0.0161 0.0191 0.784 0.678 1.157 20.083 19.801 T 2.837 13.11 -0.98(LH)
160.0 0.362 0.244 0.0963 0.0438 0.1058 0.237 0.422 0.562

1342223986 789 55754.07266 100.0 0.943 0.846 0.0122 0.0153 0.0196 0.848 0.678 1251 20.083 19.801 T 2.837 13.13 -0.99(LH)
160.0 0.224 0.153 0.0886 0.0798 0.1193 0.148 0.422 0.351

1342235629 957 55921.94924 70.0 0.850 0.726 0.0084 0.0332 0.0343 0.739 0.748 0.987 20.077 20.119 L2829 1159 +0.88(TH)
160.0 0.250 0.164 0.1338 0.0517 0.1434 0.159 0.406 0.391

1342235630 957 55921.95328 70.0 0.824 0.702 0.0093 0.0146 0.0173 0.714 0.748 0.954 20.077 20.119 L2829 1153 +0.87(TH)
160.0 0.226 0.149 0.1264 0.0721 0.1455 0.144 0.406 0.355

1342235632 957 55921.95992 100.0 0.615 0.536 0.0208 0.0358 0.0414 0.537 0.651 0.825 20.077 20.119 L2.828 11.43 +0.86(TH)
160.0 0.201 0.132 0.1345 0.0725 0.1528 0.128 0.406 0.316

1342235633 957 55921.96396 100.0 0.683 0.593 0.0231 0.0206 0.0310 0.594 0.651 0.913 20.077 20.119 L2828 1137 +0.86(TH)
160.0 0.232 0.153 0.1330 0.0450 0.1404 0.149 0.406 0.366

1342246772 1121 56086.18500  70.0 0.852 0.708 0.0811 0.1371 0.1593 0.720 0.743 0.969 20.070 20.406 T 2.744 4.47 +0.03(BH)
160.0 0.072 0.046 1.6721 0.0569 1.6731 0.045 0.401 0.111

1342246773 1121 56086.18904  70.0 0.633 0.525 0.0778 0.1864 0.2020 0.534 0.743 0.718 20.070 20.406 T 2.744 4.46 +0.02(BH)
160.0 0.200 0.128 0.6343 0.1172 0.6450 0.124 0.401 0.309

1342246774 1121 56086.19308 100.0 1.077 0912 0.1160 0.0960 0.1506 0.915 0.645 1418 20.070 20.406 T2.744 4.45 +0.01(BH)
160.0 0.303 0.193 0.6355 0.0828 0.6409 0.188 0.401 0.468

1342246775 1121 56086.19712 100.0 1215 1.027 0.1131 0.0851 0.1415 1.030 0.645 1597 20.070 20.405 T 2.744 4.45 -0.00(BH)
160.0 0.663 0.423 0.7415 0.3194 0.8073 0.410 0.401 1.024

1342257193 1310 56275.07361  70.0 0.663 0.582 0.0510 0.1044 0.1162 0.592 0.781 0.758 20.060 19.824 L2774 6.13 +0.36(BH)
160.0 0.499 0.337 0.3590 0.1382 0.3847 0.327 0.422 0.775

1342257194 1310 56275.07765 70.0 0.751 0.657 0.0442 0.0321 0.0546 0.668 0.781 0.856 20.060 19.824 L2774 6.03 +0.35(BH)
160.0 0.246 0.167 0.3202 0.1194 0.3418 0.162 0.422 0.384

1342257195 1310  56275.08169 100.0 0.503 0.452 0.0673 0.0493 0.0834 0.453 0.678 0.668 20.060 19.824 L2774 594 +0.34(BH)
160.0 0.214 0.144 0.3606 0.0476 0.3637 0.140 0.422 0.332

1342257196 1310 56275.08573 100.0 0.678 0.607 0.0604 0.0215 0.0641 0.609 0.678 0.898 20.060 19.824 L2.774 5.85 +0.33(BH)
160.0 0473 0.321 0.3281 0.1268 0.3517 0.312 0.422 0.739

Notes. Applied colour correction factors cc to derive colour corrected fluxes fiooncc, are listed in Table 7. rj, 1S the light-time corrected helio-
centric range, A.ps is the range of target centre wrt. the observer, i.e. Herschel, « is the Phase angle with indication of L(eading) or T(railing) the
Sun, and y_o is the angular separation from Uranus. i is the heliocentric range rate and -k indicates L(eading) H(emisphere) or T(railing)

I etiol
H(emisphere), if the absolute value of the ratio is greater than 2, or B(oth) H(emispheres) otherwise. All five figures have been computed with the
JPL Horizons On-Line Ephemeris System. The five epochs with 4 observations each are separated by horizontal lines.
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Table A.6. PSF photometry of Miranda.

) ) fmoonc o
OBSID OD MID Aref M f moon O par Ored Ttot f moon,cc f model e Thelio Aobs a fu-o -25:]&0
Juranus Jmodel [N

helio
mid-time obs.  um  (107) Jy)  dy)  dy)  dy) dy)  dy) (AU)  (AU)  (deg) ()

1342211117 579 55543.72060 70.0 0.141 0.122 0.0996 0.0650 0.1189 0.124 0.129 0.964 20.089 19.974 L2826 756 +0.84(TH)
1342211118 579 55543.72464 70.0 0.299 0.258 0.1219 0.0253 0.1244 0.263 0.129 2.038 20.089 19975 L2826 765 +0.85(TH)
1342211120 579 55543.73128 100.0 0.110 0.097 0.2645 0.0254 0.2657 0.097 0.112 0.870 20.090 19975 L2826 778 +0.86(TH)
1342211121 579 55543.73532 100.0 0.187 0.165 0.2922 0.0810 0.3032 0.166 0.112 1480 20.090 19.975 L2826 7.85 +0.87(TH)

1342223982 789 55754.05794  70.0 0.102 0.090 0.3742 0.0720 0.3810 0.092 0.134 0.684 20.082 19.801 T2.837 3.50 -0.21(BH)
1342223983 789 55754.06198  70.0 0.042 0.037 0.6195 0.0482 0.6213 0.037 0.134 0.279 20.082 19.800 T 2.837 3.43 -0.19(BH)
1342223985 789 55754.06862 100.0 - - - 0.115 - 20.082 19.800 T 2.837 3.33 -0.17(BH)
1342223986 789 55754.07266 100.0 - - - - - - 0.116 - 20.082 19.800 T 2.837 3.27 -0.15(BH)

1342235629 957 5592194924 70.0 0.435 0.371 0.1109 0.0656 0.1289 0.378 0.128 2.954 20.077 20.118 L2.828 891 -1.00(LH)
1342235630 957 55921.95328 70.0 0.228 0.194 0.0926 0.0744 0.1188 0.197 0.128 1542 20.076 20.118 L2.828 891 -1.00(LH)
1342235632 957 5592195992 100.0 0.158 0.137 0.2457 0.0765 0.2573 0.137 0.111 1238 20.076 20.118 L2.828 891 -1.00(LH)
1342235633 957 55921.96396 100.0 0.098 0.085 0.2618 0.0242 0.2629 0.085 0.111 0.767 20.076 20.118 L 2.828 891 -1.00(LH)

1342246772 1121 56086.18500  70.0 0.276 0.230 0.3037 0.1285 0.3298 0.233  0.127 1.838 20.068 20.404 T 2.744 4.53 -0.39(BH)
1342246773 1121 56086.18904  70.0 0.217 0.180 0.4240 0.0450 0.4264 0.183 0.127 1441 20.068 20.404 T2.745 4.44 -0.38(BH)
1342246774 1121 56086.19308 100.0 0.222 0.188 0.6144 0.0148 0.6146 0.189 0.110 1714 20.068 20.404 T2.745 4.35 -0.36(BH)
1342246775 1121 56086.19712 100.0 0.160 0.135 0.5923 0.0373 0.5934 0.135 0.110 1231 20.068 20.404 T2.745 4.26 -0.34(BH)

1342257193 1310 56275.07361  70.0 0.329 0.289 0.2983 0.0739 0.3073 0.294 0.134 2.193 20.059 19.823 L2773 4.74 -0.46(BH)
1342257194 1310 56275.07765 70.0 0.191 0.167 0.2981 0.0610 0.3042 0.170 0.134 1.266 20.059 19.823 L2773 4.85 -0.48(BH)
1342257195 1310 56275.08169 100.0 0.048 0.044 0.4470 0.0228 0.4476 0.044 0.116 0.376 20.059 19.823 L2773 497 -0.49(BH)
1342257196 1310 56275.08573 100.0 0.170 0.152 0.4948 0.0481 0.4971 0.153 0.116 1315 20.059 19.823 L2773 5.08 -0.51(BH)

Notes. Applied colour correction factors cc to derive colour corrected fluxes fiooncc, are listed in Table 7. ryejio 1s the light-time corrected helio-
centric range, Aoy is the range of target centre wrt. the observer, i.e. Herschel, a is the Phase angle with indication of L(eading) or T(railing) the
Sun, and Oy_o is the angular separation from Uranus. iy, is the heliocentric range rate and ‘?,‘,f;‘x”‘ indicates L(eading) H(emisphere) or T(railing)
helio
H(emisphere), if the absolute value of the ratio is greater than %, or B(oth) H(emispheres) otherwise. All five figures have been computed with the
JPL Horizons On-Line Ephemeris System.

A.6. Comparison of PSF photometry with aperture photometry for selected measurements

Table A.7. Aperture photometry of Uranian moons for selected measurements when the moon image was well separated from Uranus (minimum
aperture edge distance from Uranus was 8”77, 10779, and 16”57 at 70, 100, and 160 um, respectively) and any PSF residuals and comparison with
the corresponding PSF photometry.

OBSID oD MJD Object  der PP LRI g B g e Ot
mid-time obs. um @ Jy) Jdy) dy)y  dy)

1342211117 579  55543.72060 Titania 70.0 5.6 1.635 0.012 1669 0.017 1.021 0.013
160.0  10.7 0.827 0.030 0.875 0.011 1.058 0.041

Umbriel  70.0 5.6 0.807 0.017 0.833 0.019 1.032 0.032

1342211118 579  55543.72464  Titania 70.0 5.6 1.622  0.012 1.680 0.018 1.036 0.013
160.0  10.7 0.833  0.029 0.856 0.016 1.028 0.041

Umbriel  70.0 5.6 0.844 0.017 0.880 0.012 1.043 0.025

1342211120 579  55543.73128  Titania  100.0 6.8 1.397 0.009 1412 0.006 1.011 0.008
160.0  10.7 0.813 0.045 0.864 0.010 1.063 0.060

Umbriel 100.0 6.8 0.592 0.043 0.718 0.010 1.213 0.090

1342211121 579  55543.73532  Titania  100.0 6.8 1.370  0.013 1.398 0.006 1.020 0.011
160.0  10.7 0.838 0.031 0.854 0.014 1.019 0.041

Umbriel 100.0 6.8 0.704  0.028 0.762 0.008 1.082 0.045

1342223982 789  55754.05794  Titania 70.0 5.6 1.655 0.025 1705 0.015 1.030 0.018
160.0  10.7 0.838 0.012 0.884 0.009 1.055 0.019

Oberon 70.0 5.6 1.549  0.017 1.611 0.008 1.040 0.013

160.0  10.7 0.779  0.016 0.807 0.008 1.036 0.024

Ariel 70.0 5.6 0.833 0.045 0.821 0.012 0.986 0.055

1342223983 789  55754.06198  Titania 70.0 5.6 1.641 0.023 1710 0.016 1.042 0.018
160.0  10.7 0.869 0.011 0907 0.007 1.044 0.015

Notes. The aperture photometry has been corrected for the finite aperture size according to the description in the PACS Handbook (Exter et al.
2018), Sect. 7.5.2.
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Table A.7. continued.

"PSF

OBSID OD MJD Object Aep PRIV fONT Twper  from Tt Tt
mid-time obs. um () dy) dy) dy) Ay

Oberon 70.0 5.6 1.581  0.014 1638 0.012 1.036 0.012

160.0 10.7 0.836 0.014 0.836 0.012 1.000 0.022

Ariel 70.0 5.6 0.681 0.061 0.798 0.023 1172 0.110

1342223985 789 55754.06862 Titania  100.0 6.8 1.418 0.010 1.455 0.005 1.026 0.008
160.0 10.7 0.862 0.015 0.868 0.016 1.007 0.026

Oberon  100.0 6.8 1.331  0.011 1374 0.012 1.032 0.012

160.0  10.7 0.810  0.011 0.826 0.005 1.020 0.015

1342223986 789  55754.07266 Titania  100.0 6.8 1434 0.013 1455 0.005 1.015 0.010
160.0  10.7 0.833  0.015 0.883 0.009 1.060 0.022

Oberon  100.0 6.8 1.347  0.016 1398 0.013 1.038 0.016

160.0 10.7 0.838 0.015 0.839 0.008 1.001 0.020

1342235629 957 55921.94924  Titania 70.0 5.6 1.592  0.044 1.630 0.097 1.024 0.067
Oberon 70.0 5.6 1.557  0.013 1573 0.014 1010 0.012

160.0 10.7 0.785 0.012 0.819 0.011 1.043 0.021

Ariel 70.0 5.6 0.644 0129 0.726 0.034 1127 0.232

1342235630 957 55921.95328 Titania 70.0 5.6 1.550 0.041 1.684 0.021 1.086 0.032
Oberon 70.0 5.6 1.556 0.023 1576 0.015 1013 0.018

160.0 10.7 0.758 0.011 0.800 0.006 1.055 0.017

Ariel 70.0 5.6 0.651 0.062 0.702 0.017 1.078 0.106

1342235632 957 55921.95992 Titania  100.0 6.8 1.388  0.019 1449 0.008 1.083 0.016
Oberon  100.0 6.8 1.296  0.012 1320 0.009 1.019 0.012

160.0 10.7 0.762 0.011 0.814 0.009 1.068 0.019

1342235633 957 55921.96396 Titania  100.0 6.8 1.398 0.040 1466 0.011 1.049 0.031
Oberon  100.0 6.8 1.306  0.019 1353 0.009 1.036 0.017

160.0 10.7 0.785 0.019 0.819 0.013 1.043 0.030

1342246772 1121 56 086.18500  Titania 70.0 5.6 1.554 0.017 1573 0.012 1012 0.013
Oberon 70.0 5.6 1.558  0.028 1.597 0.034 1.025 0.029

160.0 10.7 0.768 0.014 0.792 0.010 1.031 0.023

1342246773 1121  56086.18904  Titania 70.0 5.6 1.581 0.030 1.630 0.038 1.031 0.031
Oberon 70.0 5.6 1.517  0.019 1566 0.033 1.032 0.025

160.0 10.7 0.768  0.007 0.776 0.009 1.010 0.015

1342246774 1121  56086.19308  Titania  100.0 6.8 1.283  0.011 1318 0.010 1.027 0.012
Oberon  100.0 6.8 1.273  0.014 1300 0.006 1.021 0.012

160.0 10.7 0.751  0.018 0.781 0.005 1.040 0.026

1342246775 1121 56086.19712  Titania  100.0 6.8 1316  0.028 1343 0.008 1.021 0.023
Oberon  100.0 6.8 1.242  0.008 1.289 0.008 1.038 0.009

160.0 10.7 0.739  0.011 0.762 0.008 1.031 0.019

1342257193 1310 56275.07361  Titania 70.0 5.6 1.681 0.016 1.724 0.018 1.026 0.014
160.0 10.7 0.894  0.027 0.931 0.017 1.041 0.037

Oberon 70.0 5.6 1.575 0.012 1.625 0.013 1.032 0.011

160.0  10.7 0.791  0.011 0.811 0.006 1.025 0.016

Umbriel  70.0 5.6 0.922  0.017 0947 0.008 1.027 0.021

1342257194 1310  56275.07765  Titania 70.0 5.6 1.656 0.019 1.729 0.014 1.044 0.015
160.0  10.7 0916  0.019 0933 0.017 1.019 0.028

Oberon 70.0 5.6 1.556 0.022 1.632 0.018 1.049 0.019

160.0 10.7 0.772  0.008 0.816 0.005 1.057 0.013

Umbriel  70.0 5.6 0920 0.012 0964 0.011 1.048 0.018

1342257195 1310  56275.08169  Titania  100.0 6.8 1.449  0.013 1.487 0.015 1.026 0.014
160.0 10.7 0915 0.037 0955 0.025 1.044 0.050

Oberon  100.0 6.8 1.326  0.017 1396 0.015 1.053 0.018

160.0  10.7 0.797 0.012 0.828 0.005 1.039 0.017

Umbriel 100.0 6.8 0.736  0.026 0.814 0.008 1.106 0.041

1342257196 1310  56275.08573  Titania  100.0 6.8 1.420 0.014 1470 0.005 1.035 0.011
160.0  10.7 0.958 0.031 0.952 0.027 0.994 0.043

Oberon  100.0 6.8 1.324  0.008 1382 0.013 1.044 0.012

160.0  10.7 0.766  0.013 0.799 0.010 1.043 0.022

Umbriel 100.0 6.8 0.703  0.009 0.802 0.007 1141 0.018
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Appendix B: Relation of PACS photometer
detector response with the telescope
background power in the 70, 100, and 160 um
PACS filters

Table B.1. Telescope background correction factors for the Uranus
observations derived from Eqgs. (B.3)—( B.5).

OD il Ciby  Ciolpy i

579 10001 09989 1.0009 10046
789 10020 10007 10038 10223
957 09939 09965 0.9979 0.9903
1121 09976 09990 10020 0.9627
1310 09892 09947 09959 10201

Notes. The last column gives the distance correction (dc) factor to bring
the Uranus photometry to a mean distance.

According to Exter et al. (2018), Sect. 7.4.2, the monochro-
matic PACS flux density is inversely proportional to the detector
response R:

Cconv Usi
fv,l(/l()) [Jy] = Usig R = Ry,lg (Bl)
with
R[V/W
Roy [V/1y] = = W] B.2)

Ceonv [Ty/pW1’

R, is actually not a constant. It depends on the operational
temperature of the bolometers and the IR total flux load, hence
R, 1 = f(T, Bitaifiux)- Brotaifiux i dominated by the background
of the only passively cooled telescope Bielescope- A first descrip-
tion of this detector response effect by the telescope background
was given by Balog et al. (2014). In that study the telescope
background was described as flux/per spectrometer pixel. Klaas
(2016) describes a telescope background model, from which a
telescope background per photometer pixel can be calculated for
each Herschel Operational Day (OD). In Sect. 6 there detector
response relations with regard to this calculated telescope back-
ground are shown which are based on observations of standard
stars. In particular at 160 um the stars are already quite faint
(<3 Jy) and no significant correlation could be derived due to the
uncertainties of the measured fluxes and hence a large scatter of
the data points.

However, the Uranus observations offer high S/N data
points for all three filters. The only prerequisite is to scale
all observations to the same distance (dc). Figure B.l shows
the derived relations for the correction factors cieipg(Bielescope) =
(ﬁE;:“:“S(mepa

Uranus
model

) . These are (from PSF photometry):
de

T0um : Ceng = 1.2445 — 0.1041 X Bietescope (PW) (B.3)
100 4m : Cieipg = 1.1859 — 0.1496 X Betescope (PW) (B.4)
160 4m : Cieipg = 1.3678 — 0.2015 X Bigtescope (pW) (B.5)

For our Uranus observations the following correction factors
in Table B.1 are applied to the fluxes (by division, since R is
inversely proportional with f,;(4)).

While the effect of the distance correction (id,‘f;) is in the

dist

order of 6%, the effect of the detector response change with
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Fig. B.1. Relation of PACS photometer detector response, as indicated
by a normalised flux level, with the telescope background power for the
70, 100, and 160 um filters. The fits were done both for PSF photometry
(red) and aperture photometry (blue).

max
cmnax

telescope background (cfjf-zg) is in the order of 1.3%, 0.6%, and
telbg

0.8% at 70, 100, and 160 um, respectively, for the data set of
Uranus and its satellites.
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