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A B S T R A C T

We present data and images that provide insight on the infrared photometry and reflectivity of five of Neptune’s
small, regular moons: Proteus, Despina, Galatea, Larissa, and Naiad. Data were taken in the H-band (1.485–
1.781 μm) on October 07, 2021 from the Keck telescope on Maunakea, Hawaii using the NIRC2 instrument with
adaptive optics. We applied a shift-and-stack procedure that allowed us to enhance the signal to noise ratio
on each moon as it moved across the detector frame-by-frame. We applied an aperture photometry method
to these stacked images in order to extract the flux density and reflectivity of each moon. We find that the
H-band albedo of Proteus, Larissa, Galatea, and Despina is the same within one standard deviation, with values
near 0.13. The brightness of Naiad is somewhat lower, with a geometric albedo of 0.072 ± 0.013. Comparing
these findings with previous observations at visible and infrared wavelengths, we find that four of the five
observed moons display a slight spectral reddening from visible to near-infrared wavelengths.
1. Introduction

The Neptunian system was imaged in detail by Voyager 2 in 1989.
Although there was only a single flyby of the planet, a wealth of infor-
mation was obtained on both the planet itself and its rings and satel-
lites (Smith et al., 1989). Six small, regular satellites within 5 planetary
radii were detected: Proteus, Larissa, Despina, Galatea, Thalassa, and
Naiad, Proteus being the largest and Naiad the smallest. Their visible-
wavelength albedos appeared similar to those of the Uranian small
satellites (Thomas and Veverka, 1991; Karkoschka, 2003). The Voyager
2 data were also used to determine the satellites’ orbits (Jacobson,
1990; Owen et al., 1991).

Over the past three decades, advances in ground-based instrumen-
tation and the deployment of the Hubble Space telescope (HST) have
permitted further characterization of the Neptunian circumplanetary
system. For example, the development of the anti-blooming CCD en-
abled the first observations of Proteus from the ground (Colas and Buil,
1992).

Using the NICMOS camera aboard HST, Dumas et al. (2002) per-
formed photometry on Proteus, Galatea, Despina, and Larissa, though
the spectral slope between the Voyager and NICMOS data remained in-
conclusive for all the satellites except Proteus. Thanks to developments
in adaptive optics (AO) in the past few decades, the color and albedos of
Neptune’s inner satellites were further improved. By combining Voyager
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and near-infrared data, both Proteus and Galatea revealed a slight
reddish color (Trilling and Brown, 2000; Dumas et al., 2002; de Pater
et al., 2005; Renner et al., 2014; Molter et al., 2019).

The physical properties of these satellites provide useful constraints
on several open questions in planetary science and in the study of
protoplanetary discs. Several studies focusing on the dynamical history
of the neptunian inner system use the observed physical properties of
the satellites as constraining data (Banfield and Murray, 1992; Zhang
and Hamilton, 2007, 2008). Some of the satellites have been shown to
play an important role in the confinement of Neptune’s rings arcs, as
shown by the numerous studies on the topic (Goldreich et al., 1986;
Porco, 1991; Salo and Hanninen, 1998; Namouni and Porco, 2002;
Renner et al., 2014; Showalter et al., 2017; Giuliatti Winter et al.,
2020; Souami et al., 2022, and references therein). The composition
of Neptune’s circumplanetary material also has implications for the
formation history of the ice giants (e.g. Tiscareno and Murray, 2018),
and the physics governing the scattering phase function of airless solar
system bodies remains an area of active research (e.g. Déau et al.,
2009). Our H-band photometry offers insights into the scattering phase
function by providing new measurements of Neptune’s moons. Thus
allowing a description of the reflectivity of a surface as a function of
the Sun-target-observer (S-T-O) phase angle and acting as an indicator
of surface roughness (Karkoschka, 2001; Paradis et al., 2023).
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Fig. 1. A high-pass filtered image of Neptune, its ring system and satellites after stacking all 30 frames. The moons appear as arcs due to their motion on the sky. Naiad cannot
be seen in individual frames, and Thalassa is too close to Neptune to be visible.
In this paper we present H-band (1.63 μm) photometry of Proteus,
Galatea, Despina, Larissa, and Naiad.

2. Observations and data reduction

2.1. Data collection

We observed Neptune’s moons on UT Oct 7, 2021 using the NIRC2
narrow camera (1024 × 1024 Aladdin-3 InSb array) coupled with the
Adaptive Optics (AO) system (Wizinowich et al., 2000, 2004; van Dam
et al., 2004) at Keck Observatory atop Maunakea, Hawaii. Our dataset
consists of 30 one-minute exposures in H-band (1.485–1.781 μm) taken
between 8:37 and 9:19 UT, centered on the planet Neptune, using Nep-
tune itself for wavefront sensing. Standard near-infrared data reduction
techniques were applied to each frame, including sky subtraction,
cosmic ray removal, and flat-fielding. The images were photometrically
calibrated using the standard star FS21 (Hawarden et al., 2001), which
gave us a factor of 1.059×10−16 to convert the measurements in units of
counts s−1 to erg s−1 cm−2 μm−1. Fig. 1 shows an image of the system
after summing all 30 frames. The image was high-pass filtered to avoid
light contamination of the planet.

In order to retrieve accurate measurements of the flux densities of
each of the moons, individual 60-s frames were shifted according to
the expected position of the moon relative to Neptune’s center and
then co-added. The expected orbital positions were taken from the JPL
Horizons system2 (Giorgini, 2011), accessed using the Astroquery
Python package (Ginsburg et al., 2019). Our shift-and-stack procedure
makes use of the Astropy-affiliated image_registration Python
package3 first to align the planet Neptune across all the frames and then
to apply the known 𝑥, 𝑦 offsets of the moon at sub-pixel accuracy. In
Fig. 2, we show the detection of each moon from the stacked frames.

2.2. Flux density measurements

In order to get accurate flux density measurements, we performed
aperture photometry on the stacked frames. As first described by Gib-
bard et al. (2005), it is necessary to account for the missing flux in the

1 https://www2.keck.hawaii.edu/inst/nirc/UKIRTstds.html.
2 https://ssd.jpl.nasa.gov/horizons/app.html#/.
3 https://github.com/keflavich/image_registration.
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wings of the point-spread function (PSF) when performing photometry
on low signal-to-noise point sources (see also, e.g. de Pater et al., 2014;
Molter et al., 2019). We follow the procedure described in Appendix
and taken from Paradis et al. (2019, 2023) to determine the intensities
of each moon. Our final derived flux densities are given in Table 1. We
translated these fluxes into units of 𝐼∕𝐹 using the equation (Hammel
et al., 1989):

𝐼
𝐹

=
𝑟2𝐹𝑠
𝛺𝐹⊙

, (1)

where 𝑟 is the satellite’s heliocentric distance (29.922 AU) and 𝜋𝐹⊙ is
the Sun’s flux density at Earth’s orbit (Colina et al., 1996). The solid
angle under which we view the moon is

𝛺 = 𝜋𝑎′𝑏′

𝑑2
, (2)

where 𝑎′ and 𝑏′ are the sky-projected radii of the moon in km assuming
an ellipsoidal shape, and 𝑑 is the geocentric distance (29.000 AU).
The 𝐼∕𝐹 is a measure of the sunlight-reflecting surface of each moon
compared with a theoretical surface of the same size and distance that
reflects the sunlight perfectly, referred to as the Lambertian reflector.

In order to translate the 3-dimensional triaxial ellipsoid shape
of each moon given by Karkoschka (2003) into a sky-projected 2-
dimensional area, we assume that the moons are rotating synchronously
like Jupiter’s small moons Amalthea, Thebe, Metis, and Adrastea (Smith
et al., 1979; Thomas et al., 1998; Porco et al., 2003). In synchronous
rotation, the smallest axis 𝑐 of the satellite is orthogonal to the satellite’s
orbit plane and the longest axis is parallel to the vector pointing from
the satellite to the planet (Goldreich and Peale, 1966; Peale, 1999),
meaning that the satellite’s projected area is maximized in a pole-
on view and minimized in an equator-on view with a sub-observer
longitude near 0◦ or 180◦. At intermediate angles, the projected area
is found by re-projecting the 3-D ellipsoid into the observer’s plane
according to the sub-observer latitude and longitude given by the JPL
Horizons system. A summary of our results, including the observed flux,
sub-observer latitude and longitude, projected area, and I/F of each
moon are shown in Table 1.

3. Discussion

The reflectivities we measured are compared with other studies in
Fig. 3 and Table 2. Table 2 presents a comprehensive review of all
reflectivity measurements for the five moons considered in this study.

https://www2.keck.hawaii.edu/inst/nirc/UKIRTstds.html
https://ssd.jpl.nasa.gov/horizons/app.html#/
https://github.com/keflavich/image_registration
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Fig. 2. Final stacked images of the 5 satellites, where the contrast of each image is enhanced to improve visibility. The extended morphology of the moons is due to the wings
of the point spread function and is a part of the Airy pattern. The bar on the right of each image shows the linear intensity scale of each image. The distance scale is based on
the observer-Neptune distance given by JPL Horizons at the time of observation, which comes out to 194 km/pixel.
Table 1
Final results shown above, including the calculated flux of each moon and the reflectivity value (I/F) calculated using the area of each moon. The radii values used to calculate the
projected area were taken from Karkoschka (2003), and the sub-observer longitudes and latitudes are the average over the duration of the observation, taken from JPL Horizons.
The uncertainty in the 𝐼∕𝐹 value combines the uncertainty due to the RMS noise in the image, the flux calibration, and the flux bootstrapping uncertainties, and is the same
percentage for the flux (see Appendix). The signal-to-noise ratio (SNR) was computed using the moon’s uncertainty due only to the RMS noise in the image (see Appendix).

Moon Aproj Radius (ob_lat, ob_lon) Flux I/F SNR RMS noise
unit km2 km degrees erg s−1 cm−2 μm−1 erg s−1 cm−2 μm−1

Despina 16 700 90 × 74 × 64 (−22.8, 136) 8.02 ⋅ 10−15 0.105 ± 0.0105 120 3.89 ⋅ 10−18

Galatea 22 600 102 × 92 × 72 (−22.8, 43.9) 1.10 ⋅ 10−14 0.106 ± 0.00993 210 2.91 ⋅ 10−18

Larissa 28 800 108 × 102 × 84 (−22.9, 299) 1.39 ⋅ 10−14 0.105 ± 0.0096 290 2.74 ⋅ 10−18

Proteus 137 000 218 × 208 × 201 (−26.6, 57.2) 7.15 ⋅ 10−14 0.114 ± 0.0104 1500 2.71 ⋅ 10−18

Naiad 3820 48 × 30 × 26 (−26.9, 287) 1.07 ⋅ 10−15 0.0608 ± 0.00725 20 2.83 ⋅ 10−18
To translate our 𝐼∕𝐹 values into a geometric albedo, we assumed that
Neptune’s moons have the same phase curve at 1.6 μm as the better-
studied Uranian Portia Group at visible wavelengths by Voyager, as
presented by Karkoschka (2001). Unfortunately, direct observations
of phase curves in the Neptunian system are unavailable; however,
the similarity in both visible and near-infrared albedo between the
Neptunian and the Uranian moons (Paradis et al., 2023) along with
the agreement between the infrared phase angle derived by Paradis
et al. (2023) and the visible wavelength curves makes this assumption
at least somewhat reasonable. The Sun–Neptune-observer phase angle
at the time of observation was 0.74◦, which means the phase angle
correction was ≈1.13.

The I/F values in Table 2 derived by other authors were all rescaled
in an identical way to our own data, i.e., also using the Portia group
phase curve of Karkoschka (2001) for their respective Sun–Neptune-
observer phase angles. Note that the geometric albedos (i.e., the albedo
at zero phase angle) reported here differ from those reported by Dumas
et al. (2002, 2003) because those authors did not make any phase angle
correction. We follow the procedure in Paradis et al. (2019, 2023) and
summarized in Appendix to determine this correction. All the error bars
on geometric albedos given in Table 2 and Fig. 3 were linearly rescaled
from the I/F errors, also described in Appendix.

There is statistically high-confidence evidence (≳2.5𝜎) for spectral
reddening between 0.5 and 1.6 μm for Galatea, Larissa, Despina, and
Proteus, consistent with the spectra of Puck and Portia (Dumas et al.,
2003), and the majority of previous observations of the neptunian
3

satellites (see Table 2 for references); such a reddening may be caused
by the presence of organic material (Trilling and Brown, 2000). Naiad
appears to have a lower albedo than the other four moons.

While the K-band measurements of Proteus display a large scatter,
there is some evidence that Proteus’s albedo darkens from 1.87 to
2.4 μm, in stark contrast with the surfaces of Puck and Portia, which
brighten from 1.6 to 2.4 μm (Paradis et al., 2023). The H-to-K-band
brightening on Puck and Portia has been taken as evidence of the
absence of a global layer of water-ice (Gibbard et al., 2005; Paradis
et al., 2023), and a darkening could indicate the presence of water ice
on Proteus, although this feature can also be matched by laboratory
spectra of methane or HCN ice (Dumas et al., 2003). The similarity in
infrared color between the four moons in this study may point to similar
formation and evolution pathways for those moons, but additional
near- and mid-infrared observations are required to constrain their
compositions, with implications for their formation and subsequent
evolution.

4. Conclusion

We have presented H-band reflectivity (𝐼∕𝐹 ) measurements for
the Neptunian moons Proteus, Galatea, Larissa, Despina, and Naiad
obtained using the NIRC2 instrument at Keck Observatory. Taken in
conjunction with literature measurements at other wavelengths, the
reflectivities we derive show that the four larger satellites, excluding
Naiad, appear to be slightly red from visible to infrared wavelengths,
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Table 2
Available photometric information for the five satellites considered in this study.

Moon Wavelength [μm] Phase angle [◦] I/F Geometric albedo Reference

Proteus 0.5 15 0.037 ± 0.0024 0.096 ± 0.0062 Karkoschka (2003)
1.1 0.7 0.072 ± 0.006 0.081 ± 0.0068 Dumas et al. (2003)
1.26 1.29 0.026 ± 0.005 0.032 ± 0.0062 Trilling and Brown (2000)
1.6 0.7 0.084 ± 0.002 0.095 ± 0.0023 Dumas et al. (2003)
1.6 0.74 0.11 ± 0.0104 0.13 ± 0.012 This work
1.6 1.29 0.028 ± 0.006 0.034 ± 0.0073 Trilling and Brown (2000)
1.6 1.8 0.080 ± 0.016 0.11 ± 0.021 Molter et al. (2019)
1.6 1.2 0.073 ± 0.016 0.09 ± 0.020 Molter et al. (2019)
1.87 1.9 0.094 ± 0.011 0.13 ± 0.015 Dumas et al. (2002)
2.04 0.7 0.075 ± 0.01 0.085 ± 0.011 Dumas et al. (2003)
2.2 0.83 0.058 ± 0.016 0.069 ± 0.019 Roddier et al. (1997)
2.2 1.8 0.092 ± 0.018 0.12 ± 0.023 Molter et al. (2019)
2.2 1.2 0.10 ± 0.033 0.12 ± 0.041 Molter et al. (2019)
2.2 1.29 0.047 ± 0.014 0.058 ± 0.017 Trilling and Brown (2000)
2.37 0.7 0.065 ± 0.018 0.073 ± 0.020 Dumas et al. (2003)

Despina 0.5 15 0.035 ± 0.028 0.090 ± 0.0072 Karkoschka (2003)
1.6 0.74 0.11 ± 0.011 0.13 ± 0.013 This work
1.87 1.9 0.058 ± 0.036 0.08 ± 0.05 Dumas et al. (2002)

Galatea 0.5 15 0.031 ± 0.0028 0.079 ± 0.0072 Karkoschka (2003)
1.6 1.66 0.088 ± 0.012 0.12 ± 0.016 de Pater et al. (2005)
1.6 0.74 0.11 ± 0.0099 0.13 ± 0.012 This work
1.87 1.9 0.086 ± 0.061 0.12 ± 0.08 Dumas et al. (2002)
2.1 0.165 0.096 ± 0.015 0.12 ± 0.018 de Pater et al. (2005)
2.1 1.66 0.094 ± 0.011 0.12 ± 0.014 de Pater et al. (2005)

Larissa 0.5 15 0.035 ± 0.0022 0.091 ± 0.0056 Karkoschka (2003)
1.6 0.74 0.11 ± 0.0096 0.13 ± 0.011 This work
1.87 1.9 0.079 ± 0.022 0.11 ± 0.03 Dumas et al. (2002)

Naiad 0.5 15 0.028 ± 0.0050 0.072 ± 0.013 Karkoschka (2003)
1.6 0.74 0.061 ± 0.0072 0.071 ± 0.0083 This work
Fig. 3. Color information for Neptune’s small regular satellites. Wavelengths have been offset slightly for better visualization of the error bars. Data from this work are highlighted
with larger markers. See Table 2 for references. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
perhaps indicating the presence of organic material on their surfaces.
We encourage using the James Webb Space Telescope (JWST) to obtain
near- and mid-infrared spectra to constrain the composition of the
moons.
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Data availability
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plotlib (Hunter, 2007), numpy (Harris et al., 2020), photutils (Bradley
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Appendix. Flux bootstrapping method and error calculation

We used a flux bootstrapping method similar to that used by Gib-
bard et al. (2005), de Pater et al. (2014), Molter et al. (2019) and
Paradis et al. (2023) in order to estimate the total flux density of each
moon. Because of the substantial scattered light background, only the
flux density from the core of the PSF of each moon could be reliably
measured; therefore, to account for the missing flux density in the PSF
sidelobes, we re-scaled the moons’ values based on the sidelobes of
the standard star FS2. We used 5 inner aperture radii from 8 to 12
pixels, and an outer (background) aperture radius of 18 pixels. We then
determined the additional uncertainty on the flux densities from this
bootstrapping technique by taking the standard deviation from these 5
different apertures. The reader is referred to the above references for
more details. The overall I/F error is dominated by the combination
of the flux calibration uncertainty (assumed to be 10%) and this flux
bootstrapping error, and not by the RMS noise in the images (even for
Naiad), which is why Naiad’s relative flux uncertainty is no larger than
the other moons. The signal-to-noise ratio of each moon is shown in
Table 1, calculated by taking the ratio of the moon’s flux density to its
uncertainty due only to the RMS noise in the image. The RMS noise was
determined in an annulus around the moon (with an inner radius large
enough to exclude the PSF wings). The uncertainty in the moon’s flux
density due to this noise was calculated by multiplying the RMS noise
by the square root of the number of pixels used to extract the moon’s
flux. The total uncertainty in each moon’s flux density is then calculated
by adding this RMS noise contribution, the flux bootstrapping error and
the calibration uncertainty in quadrature.

4 http://www.astropy.org.
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