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discuss some current challenges in carrying out this programme with SALT.
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1. Introduction

Near Earth Objects (NEOs) are small Solar System bodies whose orbits bring them close to the
Earth’s orbit. NEOs are delivered to near-Earth space from elsewhere in the Solar System [1], so
studying NEOs as they fly by the Earth is akin to in situ measurements of small bodies throughout
the Solar System, at a fraction of the cost of a spacecraft mission. Furthermore, NEOs are our
nearest neighbours in space, and sometimes hit the Earth (as happened in Chelyabinsk, Russia, in
February, 2013), so the study of NEO properties has both scientific and practical motivations.

NEOs are typically discovered by optical ground-based survey programmes that have a lim-
iting magnitude of around V=21 mag. At present, the discovery rate is around 1000 NEOs per
year, much higher than the characterization rate of less than 100 per year. Therefore, our over-
all knowledge of the properties of the NEO population is decreasing with time as the fraction of
NEOs with measured physical properties decreases with time. In particular, the smallest NEOs,
which fade rapidly, are particularly poorly observed and understood. To reverse this trend, new,
efficient methods of measuring NEO properites must be deployed. Furthermore, such observations
must be made rapidly after discovery, as NEOs may fade by one magnitude or more per week.
The traditional observational approach of observing targets weeks or months after discovery is not
viable for NEOs.

The primary spectral features used to identify asteroid taxonomies and therefore implied com-
positions are continuum slope and the presence of mineral-caused absorption features, which are
typically on the order of 0.2 microns wide [2]. To classify asteroid spectra taxonomically there-
fore only very low resolution spectra are needed — around R∼25 or so is usually sufficient. This
in turn implies that (a) most spectrographs have native resolutions that are far higher than needed
for asteroid work and (b) because we will consequently heavily bin the spectra, intrinsically low
signal-to-noise spectra can be acquired in the native resolution.

In 2014 and 2015 we carried out a pilot programme to use the Robert Stobie Spectrograph on
SALT in Target of Opportunity (ToO) mode to obtain spectra and therefore compositions of small
NEOs and to determine how effective SALT could be as a rapid response NEO characterization
facility. Here we report observations of two small NEOs in this ToO mode, and discuss the future
possibility of continuing to use SALT as a critical component for NEO characterization.

2. Observations and results

During the 2014B semester we observed two small NEOs with SALT/RSS. 2014 YM9 was
discovered on 20 Dec 2014 by the Pan-STARRS survey. It has a Solar System absolute magnitude
of 19.3 mag, implying a size around 350 metres. We observed this asteroid on 30 Jan 2015, when
its apparent V magnitude was around 16 mag. Few NEOs have apparitions this bright, so this
was a good test case for our first observation in this programme: a newly discovered very bright
target that would allow us to test our acquisition and analysis strategies before pushing to very faint
magnitudes.

2015 GY was discovered on 10 Apr 2015, also by the Pan-STARRS survey. It has a Solar
System absolute magnitude of 21.7 mag, implying a size around 125 metres. We observed this
asteroid on 22 Apr 2015, when its apparent V magnitude was around 19 mag. This target was
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somewhat more difficult to acquire at the telescope, due to its relative faintness, though once the
data were obtained the reduction was no more difficult than for the much brighter 2014 YM9.

Both targets were observed in the same way, with 900 seconds total integration time split over
five individual exposures. The slit was aligned along the motion vector of the asteroid so that the
telescope was tracked at its usual sidereal rates, and the asteroids traveled in the along-slit direction
during the ∼1000 seconds (exposures plus overhead) on source. If either asteroid had been very
fast moving, a dither in the along-slit direction would have been required to keep the asteroid in the
slit. The targets were observed in the longslit mode of the Robert Stobie Spectrograph [3, 4], using
grating pg300, which offers the lowest native resolution (and broadest wavelength coverage).

For each asteroid, a nearby Solar analogue star (G2V, or similar) was observed. This stan-
dard star serves two purposes. The first is that the standard observations can be used to monitor
and remove atmospheric contamination from the spectra. The second is that we are interested in
measuring the intrinsic reflectance spectrum of an asteroid, so we must divide the observed spec-
trum by a spectrum of the Sun (or similar). Each Solar analogue star observation was identical to
the asteroid observation except that the total integration time for the (bright) standard star was six
seconds total.

The data were reduced following the PySALT pipeline [5], through bias subtraction; gain cor-
rection; cross-talk fixes; flat-fielding; cosmic-ray cleaning; wavelength calibration; removing the
sky; and extracting the spectra by summing across the spatial region containing the asteroid signal.
We normalized each spectrum to unity at 5500 Å, and divided each spectrum by the appropriate
Solar analogue. Finally, these analogue-divided spectra were rebinned from the native resolution
of 350 to a final resolution of around 25 across the spectral range 4800–10700 Å.

The resulting final binned spectra are shown in Figure 1. We also show in Figure 1 the archety-
pal spectra [2] for S- and C-type asteroids, which are the two dominant asteroid taxonomic (and
hence composition) types. Both of the asteroids that we observed in this pilot programme have
spectra that are clearly consistent with S-type spectra due to their red slope in the 5000–7500 Å re-
gion and their suggested absorption feature at around 9000 Å; these two features (red slope, feature
near 9000 Å) are the two primary defining features of S-type spectra. In contrast, C-type spectra
are essentially flat across this wavelength range.

3. Discussion

Both of the small NEOs that we observed have S-type spectra, which is suggestive of a silicate
(rocky) composition. It has recently been shown [6] that around 50% of NEOs in the size range
we are probing here are S-type bodies, so our small-number statistics of 2/2 bodies being S-type is
consistent with the larger sample. Of course, a larger sample would also reveal C-type asteroids,
and potentially other types, all of which should be detectable and identifiable with this method.

More broadly, we conclude that this pilot project was successful: the technique of using side-
real tracking with asteroids moving along the slit is a viable way of taking data, and allows for
acceptable sky subtraction. The Solar analogue observations were also feasible, and allowed for
proper calibration.
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4. Conclusions and future work

Our primary conclusion is that SALT with RSS works successfully for rapid response charac-
terization of small NEOs. SALT has two niches that could profitably be exploited for this project.
The first is that the primary NEO characterization instrument currently in use is SpeX [7] on
NASA’s 3-meter IRTF on Maunakea in Hawai‘i. Typically, at that facility, objects fainter than
V=18 mag are difficult to observe in this “reconnaissance spectroscopy” mode. Therefore, SALT,
with its substantially larger aperture, would be best utilized by observing targets with V>18 mag.
The second advantage is geographic. Most NEO characterization telescopes are in Chile and the
western United States — approximately 180 degrees longitude from Sutherland, South Africa.
NEOs can have very short windows in which they are bright enough to be observed spectroscop-
ically, so there may easily be targets that are observable only with SALT and no other facility. In
the future, the near infrared arm of RSS will provide additional power for this project, as asteroid
spectral features in the infrared provide even more diagnostic power than in the optical.

The largest current NEO spectroscopy programmes are the MIT-UH-IRTF Joint Campaign for
NEO Spectral Reconnaissance (http://smass.mit.edu/minus.html) and the MANOS
programme [8], each of which catalogues spectra for several tens of objects per year. For SALT/RSS
to make a significant contribution in this rapid-response field, a sample of similar size would be
required. At roughly one hour per target, SALT could make a significant contribution to this field
with the relatively small allocation of around 25 hours per year.

There are several issues that prevent SALT from being readily used for this kind of rapid-
response programme at present. First, non-sidereal tracking is not a commissioned mode on the
telescope. Hence, the rate of motion is limited to relatively slow-moving NEOs so that no along-slit
dithers are required. However, slow-moving NEOs are those that are relatively far from the Earth,
which means that they must be relatively large in order to be bright enough to be observed. In other
words, the rate limitation corresponds to a lower limit on the size that can be observed. Second,
in some cases acquiring the NEO and placing it in the RSS slit was difficult — in part because
the positional uncertainties of NEOs can often be tens of arcseconds — so our sensitivity limit is
functionally set by target acquisition, not the photons in the asteroid’s spectrum. Finally, we found
that triggering ToO observations for moving objects required extensive manual configuration and
support from SALT staff. Such an effort would clearly not be sustainable for a programme that is
frequently observing ToO targets. None of these issues is impossible to solve, though, and there
may be a time in the future when SALT can be used regularly as a unique resource to measure NEO
compositions.
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Figure 1: SALT/RSS spectra of two small NEOs acquired during 2014 and 2015 (black and red lines).
For comparison, representative spectra (green and blue lines) are shown for the two most dominant asteroid
taxonomic classes, from [2]. The SALT data have been heavily binned since only broad features are needed
to establish taxonomy. The observed NEOs are consistent with S-type asteroids (green line), having a red
slope and an absorption feature near 9000 Å. All spectra are normalized to unity at 5500 Å; the reflectance
spectrum of 2015 GY and its comparison spectra are all offset upward by 1.0 for clarity. There is no mea-
surement at ∼8000 Å because there is a chip gap at that wavelength location. The bright target (V=16 mag)
has very high SNR and an asteroid taxonomy is easily identified. The SNR for the fainter target (V=19 mag)
is worse, especially at the longest wavelengths, but is still sufficient for taxonomic identification.
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