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ABSTRACT
The Remote Occulter (Orbiting Starshade) is a proposed 100-meter class starshade working with a ground-based
telescope, designed for visible-band imaging and spectroscopy of temperate planets around sun-like stars. With
advanced adaptive optics and the largest telescopes like the 39 m ELT, it would enable the study of planetary
systems and a wide variety of exoplanets. In this paper, we describe the geometrical constraints and establish which
parts of the sky are observable.
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1. INTRODUCTION
Measuring the reflected light spectra of temperate planets around sun-like stars has been identified by the
exoplanet science community as a high priority objective 1
Planets, when viewed from a distance, are extremely faint and very close to their stars. The Earth seen at a distance
of 10 pc would be ~30th magnitude, 1010 times fainter in reflected light than the ~5th magnitude Sun, and only
~0.1 arcseconds away. Some planetary systems may include bright dust clouds, resonant dust blobs, and rings,
adding photon noise and confusing interpretation.
We can block the starlight with a coronagraph inside a telescope, or we can build an external occulter, a starshade,
to cast a shadow of the star onto the whole telescope. Coronagraphs for ground-based telescopes are limited to 108 contrast ratio in the foreseeable future in the most optimistic scenario2 , not good enough to see an Earth around
a Sun-like star. Space telescope designs with coronagraphs are being considered 3,4 but stability constraints placed
on the telescope increase complexity and cost. Feasible space telescope sizes are also limited for many reasons; the
launch vehicle fairings available today can barely contain even a 4-meter telescope. Assembly in space is both
complex and potentially costly, depending on the available infrastructure. An orbiting starshade could be used to
acquire imaging and spectroscopic measurements of temperate planets around sun-like stars5, establishing a new
path that does not rely on the construction of a space telescope and enables ground-based observers to take part
in this scientific endeavor.
The general principles of starshades have been very well explored. What is new is the recognition that the
combination of the next generation of ground-based telescopes, with advanced adaptive optics, could work with
starshades in orbit around the Earth. Exposure time calculations and simulations of observed spectra show that
instruments on the 39 m ELT could image an exoplanetary system at 5 pc distance in 1 minute, and obtain useful
spectra in 1 hour, good enough to detect water and oxygen in a modern Earth-like planet around a sun-like star.
In this paper, we explore the geometrical constraints on observations, map the parts of the sky accessible to the
technique, and calculate the potential exposure times available for us.
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The orbit parameters can be derived from the requirement that the starshade must appear to be stationary in front
of the target star. That requirement specifies 4 of the 6 degrees of freedom of the orbit: two positions and two
velocities, perpendicular to the line of sight, to match the motion of the observatory as the Earth spins. The
remaining two degrees of freedom are the radial position and the radial velocity.
The minimum radial position is set by the requirement for a safe perigee: the starshade must not hit the Earth on
return. Given a minimum perigee altitude of ~1000 km, and an observatory at ± 25° latitude, we find the minimum
observational radius from the center of the Earth of about 178,000 km. We do not include the complex interaction
of the geometrical requirements with mission planning, orbit selection, fuel use, and retargeting in this paper.
The minimum orbit period is obtained by observing at apogee, and is around 3 days, depending on the choices of
the minimum perigee distance. From the observing distance and the desired wavelength, we can calculate the
performance of the starshade, and determine its required size. There are many choices of the details: number of
petals, size of central hub, length of petals, and optimization of the edge shapes for a particular wavelength range.

2. GEOMETRICAL REQUIREMENTS
There are four core observational requirements for such observations to take place: the angle between the
starshade plane and the line of sight; the angle between the starshade plane and the direction to the sun; the solar
zenith angle, controlling the darkness of the night sky; and the target zenith angle during observation.
2.1 Starshade Plane -Line of Sight Angle
It is often assumed that the starshade plane must be perpendicular to the line of sight, but in reality, there is no
such requirement. The integral expressions describing the diffraction of light around the starshade can be
evaluated without that assumption, and the main effect is a reduction of the apparent size of the starshade, a simple
cosine factor. To be more precise we calculated the diffractive performance using the SISTER 6 high fidelity online
tool, and plot the results in Figure 2. The panels show a sky image with two exoplanets, near an out-of-focus image
of the starshade with starlight diffracting around it. We define the tilt angle as θS-L illustrated in Fig 1 and simulate
the effects on imaging Earth-like planets at angular distances of 58 and 100 milliarcseconds. As shown in the figure,
the cosine effect makes little difference out to 20° but a large difference at 30°. To obtain undiminished
performance at larger angles, the starshade size should be increased in proportion to sec (θS-L).

Figure 1. Angle between line of sight and normal to starshade plane
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Figure 2. Starshade diffractive performance for 0°, 10°, 20°, 30° between line of sight and normal to plane of starshade. Each box is
0.4 arcseconds the side.

2.2 Starshade Plane -Sun Angle
If sunlight illuminates a significant part of the Earth-facing surface of the starshade, the reflected brightness could
be too large. With a large telescope like ELT, the starshade is in the near field and is well-resolved by the adaptive
optics. This is a very different condition from that of a small telescope in space with a smaller starshade, where
scattered sunlight from a starshade would be hard to distinguish from an exoplanet. In addition, there is an
unfocussed component that spreads out light from the starshade over the atmospheric seeing disk, of order 1 arcsec
in diameter.

Figure 3. Angle between direction to Sun and plane of starshade
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Figure 4. Starshade magnitude due to sunlight, if fully illuminated.

Glints from the edges, from holes in the starshade, and from the stiffening structures facing the Earth, must be
reduced in brightness so that the diffuse glare they produce does not add significantly to the photon noise. For
comparison, reflected Earthshine on the starshade cannot be easily avoided. Even with a black surface, there would
be dust contamination covering ~ 0.5% of the area, producing an effective brightness of a ~ 22 nd magnitude star,
spread out across the surface of the starshade image. (The starshade image diameter is about 0.1 arcsec.) The
ground-based instrumentation will have to be designed to cope with this brightness, which adds some photon
noise and a diffuse glow, that should be readily distinguished from an exoplanet.
Figure 4 shows the effect of direct sunshine illumination on the starshade and its resultant reflected magnitude
from the Starshade face. Even if an extremely black surface could be made, it would not be dark enough. The Sun is
1010 as bright as the Earth but about 750 times as far away, so to be of comparable brightness to the Earthshine, we
must limit the visible surface exposed to the Sun to about (750 2/1010) = 5.6×10-5 of the total area. With a total
starshade area of ~ 7000 m2, this is 0.4 m2, allowing for some small structures that can be illuminated by the Sun,
provided they are also black. Without a mechanical design, we assume that a tilt θS-S of 89° would be sufficient to
hide the small structures on the Earth-facing surface. If future design work cannot meet this requirement, then we
would either reduce the available sky coverage or design a larger starshade to tolerate more tilt.
2.3 Solar Zenith Angle
Observation shows that the night sky at high mountain observatories is fully dark at the zenith when the Sun is at
least 18° below the horizon. Although observations are possible before the sky is fully dark, we have simply
assumed that this is a strict requirement. We define the Solar- Zenith angle as
. Patat et al (2006)7 showed that
the sky brightness fell by 3 magnitudes as the Sun’s zenith angle increased from 102° to 108°. However, scattered
sunlight is not the dominant sky brightness at all wavelengths, so the observing window may be larger than we
assume here.
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2.4 Telescope Observation Zenith Angle
Adaptive optics systems such as the MagAO-X8 are designed to work out to zenith angles of 60°, an air mass of 2,
but there is certainly a performance loss with increasing angle, that depends on atmospheric conditions. Other
features such as atmospheric dispersion correction may have a deterministic limit, depending on the hardware
design. To investigate the geometric visibility for an orbiting starshade we have assumed the strict limit
.

3. OBSERVABLE SKY
To map the observable sky where all geometrical requirements are met, we adopt a standard epoch, generate a
Right Ascension (RA) and Declination (DEC) grid, and choose an observatory location (TMT, GMT, etc.). We map
the regions of the sky that are in compliance with these conditions and calculate the available number of hours in
which they are met for each location in the sky, for each orbit of the starshade.
Figure 5 shows the observable regions in the night sky for April 1 st 2035 for observations from Mauna Kea, as
indicated by the red line the maximum Dec angle that can be viewed is set at 80° and the minimum one is -40 °
when dominant limiting factor is θO-Z , this occurs when observations are at a maximum zenith angle. Limits on RA’s
are set by the first and last RA that fulfill all four requirements and is mainly limited by θS-Z and occurs at maximal
θS-L. the resultant red curvature of the line describes the limit region where all four constraints are maintained
instantaneously, while different color curves indicate the regions where such conditions can be kept for different
time periods. The blue line curvature, for example, indicates where they can be maintained for two hours for the
same night.

Figure 5. The observable night sky, showing minutes available for observation from Mauna Kea for the night of April 1st, Range of
each image is 0-360° right ascension and -90° to +90° for declination.
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We then continue to dynamically map the observable night sky for the months of January, April, July, and October for
both Mauna Kea and Las Campanas. As can be seen in figure 6, as the year goes by the observable regions sweep
throughout the sky covering more than 90 percent of the night sky .

Figure 6. Observable night sky, showing minutes available for observation each night as indicated by the color bar. Range of each
image is 0-360° right ascension and -90° to +90° for declination. Upper set is for Mauna Kea, lower set for Las Campanas. Dates are
the first of each month, 2035.

4. SUMMARY, CONCLUSIONS, AND FUTURE WORK
An orbiting starshade, working with planned extremely large telescopes in both the northern and southern
hemispheres, can provide access to exoplanet systems over the declination range from -85° to +80°, limited by the
reduction of performance of adaptive optics at zenith angles > 60°, and the latitudes of the observatories. For an
equatorial target, geometrically accessible observing windows are up to 4 hours long at the best times of the year
when the target is on the meridian at the beginning or the end of astronomical night, when the Sun is just 18° below
the horizon. For targets at the ecliptic poles, the observing windows are much longer, up to at least 7 hours at the
best time of year. This angle range is also controlled by the starshade design; we require that it can be tilted up to
20° from perpendicular to the line of sight and that the Earth-facing surface is protected from the Sun well enough
if the Sun is only 1° above the plane of the starshade.
Based on these angle ranges, a target can in principle be observed for two intervals each year, each at least two
months long. However, when the transverse velocity of the observatory drops significantly below its value on the
meridian, the matching velocity of the starshade in orbit drops as well, requiring a proportionally greater observing
distance and reducing the diffraction performance. At the equator this velocity is proportional to the cosine of the
relative hour angle; cos(30°) loses only 13% of the velocity but cos(60°) loses half. Utilizing an entire 4-hour
observing window at once would require a significant velocity change, and leaving the starshade in an orbit with a
low perigee (below ~ 1000 km altitude) would not be safe.
Future work will include a complete end-to-end model of system performance, including observing windows,
orbital safety constraints, and fuel consumption for observations and retargeting, based on actual engineering
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designs and the achievable angle between the Sun and the starshade plane that meets the shadow requirement.
This work will also be used and expanded to support other mission concept studies including ORCAS 9
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