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Kitt Peak Observations Provide Solid Ground for Kepler

Science team, is using telescopes on Kitt Peak to help evaluate

planet candidates discovered by Kepler. The Kepler mission has
a follow-up team of approximately a dozen science team members (and
their postdocs and students), which uses nearly an equal number of 1- to
3-m-class telescopes, funneling the best candidates to the Hobby-Eberly
and Keck telescopes for planet mass information. The work at Kitt Peak
is a vital part of this effort.

NOAO Astronomer Steve B. Howell, a member of the Kepler

Figure 1: A 1-arcsec-square reconstructed speckle image of a 13™ magnitude star with its very
close (0.13 arcsec) faint companion star (upper left). This companion, likely here to be physi-
cally associated with the star, could be a brown dwarfin an ~55 AU orbit. The speckle observa-
tions ruled out the “transiting-planet” hypothesis for this star. (Image credit: S. Howell.)

The goal of the NASA Kepler mission (launched in March 2009) is the
discovery of Earth-like planets orbiting in the habitable zone of their host
stars. Kepler continuously collects photometric information with 2 307
relative errors for over 100,000 stars every 30 minutes, and every 60 sec-
onds for a smaller set. These data are cast as light curves and searched for
exo-planet transit-like events. However, simply spotting an event is not
proof that a planetary transit has caused it. Seeing multiple transit events
helps, but for complete confirmation that a real planet has been detected,
a number of follow-up steps, including ground-based observations, are
needed to rule out alternative explanations.

The follow-up program (Gautier et al. 2010arXiv1001.0352G) is well or-
chestrated, with the Kitt Peak 2-m and 4-m telescopes as well as WIYN
playing major roles. Howell and collaborators Elliott Horch (Southern
Connecticut State University) and William Sherry (NOAO/NSO) are using
the 3.5-m WIYN telescope to obtain speckle images of Kepler exo-planet
candidates. The Kepler point spread function is quite large, so observations
with higher angular resolution can uncover close variable-star companions
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that have blended with the Kepler observations of the star. The cover im-
age and Figure 1 show two different examples of Kepler follow-up speckle-
imaging reconstructions made from the WIYN observations.

The speckle instrument recently underwent a significant upgrade to al-
low simultaneous two-color “electron-multiplier” CCD observations.
Speckle images are used as a part of the weeding out process for the larg-
est class of false positives: background eclipsing binary stars and/or a true
close companion. The cover illustration shows a reconstructed speckle
image and an artist’s concept of the newly-discovered, very-low-density
exo-planet Kepler-7b. In this case, the faint red close (1.3 arcsec) com-
panion is not physically associated with the planet host star but a distant
background source; however, it is not the cause of the transit-like event
(See Latham et al. 2010arXiv1001.0190L). In contrast, the properties of
the companion to the star shown in Figure 1 suggest that it caused a false
impression of a planetary transit.

Howell is using two other Kitt Peak telescopes as part of the Kepler
mission. Spectrographs on the 2-m and 4-m are being used to per-
form initial reconnaissance spectroscopy for exo-planet candidates to
help confirm (or deny) the Kepler mission information gleaned from
its own light curves. Some transit-like events are due to (grazing)
eclipses, and some of these binaries are easily picked out from the
initial spectroscopy. Information on spectral type, luminosity class,
stellar activity, and rotation are obtained as well. The spectrographs
are also being called into service to provide additional information on
specific interesting candidates and to obtain orbital velocities to sup-
port eclipsing binary follow-up for systems that show a transit-like
event from a third body.

The Kepler mission has performed well to date, with Jupiter-size planets
now being “easy” (Figure 2) to detect. However, harder work awaits the
science team as they push the limits of their light curves and ground-based
work toward the mission goal—other Earths. These smaller planets will
require far more intense ground-based follow-up observations. The Kitt
Peak telescopes will continue to be a strong part of the Kepler mission.

Figure 2: (From Latham et al. 2010). A mass-radius diagram for known transiting exo-planets.
The Kepler mission’s recent discoveries (Kepler 4b, 5b, 6b, and 7b) are shown (red diamonds).
(Reproduced by permission of the AAS.)



Early Results from the NEWFIRM Medium-Band Survey

Pieter van Dokkum

vey program (PI: Pieter van Dokkum, Yale University) on the

Mayall 4-m telescope with the NEWFIRM wide-field infrared
imager. The program uses a set of five custom, medium-bandwidth, near-
infrared filters to obtain well-sampled spectral energy distributions from
1.0-1.8 um. This enhanced sampling greatly improves photometric red-
shift estimates of galaxies at z > 1, where the Balmer and 4000-A breaks
shift outside of the optical window. It also provides accurate measure-
ments of the rest-frame colors of galaxies and of their environment.

The NEWFIRM Medium Band Survey (NMBS) is an NOAO Sur-

All observations for the program have been completed. The survey com-
prised a total of 75 nights, with 45 nights provided by the NOAO Survey
program and 30 nights provided through a time trade with Yale Univer-
sity. Van Dokkum and his team obtained deep imaging in J »JsJ, Hy
H, and K in two 28' x 28' fields (parts of the COSMOS field and AEGIS
fields). About two-thirds of the data have been reduced, by graduate stu-
dent Kate Whitaker at Yale. The NMBS team expects to release the first
data products in late summer of this year. Below are some early high-
lights from the survey.

A clear bimodality in galaxy colors from z = 0 to z = 2: The accurate red-
shifts and colors of the NMBS enabled the identification of a distinct “red
sequence” of galaxies with low star-formation rates all the way to z = 2
(see Figure 1). It is a puzzle why some massive galaxies at z = 2 form stars
at a prodigious rate, while in others, star formation seems to have ceased
almost completely.
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Figure 1: The dust-corrected color-mass relation at z = 2 (Brammer et al. 2009). The yellow
vertical line indicates the completeness limit for red galaxies. Note the clear bimodality in the
galaxy colors, with quiescent galaxies being well separated from star-forming galaxies. (Repro-
duced by permission of the AAS.)

Discovery of very old galaxies at high redshift: A related problem is deter-
mining the ages of galaxies on the red sequence. The NMBS data show
that galaxies have a wide range of ages, and that in addition to post-star-
burst galaxies, a population of redder, presumably older galaxies exists at
z = 2. This confirms previous studies based on painstakingly obtained
near-infrared spectroscopy of small samples.
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Figure 2: Evolution of the radial surface density profiles of massive galaxies, determined from
stacking NMBS galaxies in different redshift bins (van Dokkum et al. 2010). The profiles are
nearly invariant with redshift in the inner parts, but evolve strongly at large radii. (Reproduced
by permission of the AAS.)

Growth of galaxies since z = 2: 'The NMBS gives accurate redshifts
and stellar masses for thousands of galaxies at high redshift, allowing
determination of the mass evolution of galaxies at a fixed number den-
sity. Massive galaxies grow by a factor of ~2 in mass since z = 2, consis-
tent with an extrapolation of earlier results at 0 < z < 1. By stacking the
NEWFIRM images, the NMBS team determined that this mass growth
is driven by the rapid build-up of the outer envelope of galaxies (see
Figure 2), perhaps due to widespread merging activity.

Van Dokkum and his team are working on a variety of other papers and
projects, such as the determination of evolution of the mass function, the
properties of very massive galaxies at high redshift, the star formation
history of galaxies, and various follow-up programs. They are also in the
planning stages of NMBS-II, a wide-field extension of the NMBS that
was recently approved by the NOAO Survey Time Allocation Commit-
tee. NMBS-II will image 4 square degrees with NMBS filters from CTIO
in 2010 and 2011 to pin down the evolution of “monster” galaxies (those
having masses of ~5 x 10"' M) from z ~ 3 to the present.

References:

Brammer, G., et al. 2009, ApJ, 706, L173
Whitaker, K., et al. 2010, in preparationn
van Dokkum, P, et al. 2010, ApJ, 709, 1018
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The NOAO Quter Limits Survey: Stellar Populations in the
Extremities of the Magellanic Clouds

era on the CTIO 4-m telescope to probe the extreme outer re-

gions of the Large Magellanic Cloud (LMC). With Mosaic, they
are able to identify main sequence stars belonging to the LMC at large
distances from its center. The use of main sequence stars provides a
much richer probe of the structure, countering the extreme paucity of
the giants in the same fields, which are more traditionally used as tracers.
The Outer Limits results show that the LMC is disk-dominated at large
radii, giving a complete trace of the LMC disk over 10 scale lengths. The
existence of a disk at such large radii may suggest that the LMC has not
repeatedly passed close to the Galaxy.

g bi Saha and his “Outer Limits” team have used the Mosaic cam-

The most metal poor and plausibly the oldest stars in our Galaxy are dis-
tributed in a halo that extends beyond 25 kpc. Their spatial distribution,
chemical composition, and kinematics provide clues about the Milky
Way’s early history, as well as its continued interaction with neighboring
galaxies. The Large and Small Magellanic Clouds (SMC) are the nearest
galaxies with ongoing star formation. How far out from their centers can
we still identify stars that belong to them? Are the clouds disk- or halo-
dominated? How old are they? Do they reveal tidal structure due to
interaction with our Galaxy, or share a common halo? What do the kine-
matics of such outlying stars say about the dark matter distribution? Do
they shed any light on the origin of the Magellanic Stream seen in HI?

Direct detection of spatially extended structure in the LMC/SMC is dif-
ficult, because of the clouds’ considerable extent on the sky, and because
the LMC bar and disk are relatively face on. There is a rich legacy from
past studies that probe the extent of these galaxies. Van der Marel (2001),
for example, mapped the stellar extent of the LMC using RGB and AGB
star count densities from the Deep Near Infrared Survey (DENIS) and
2-Micron All-Sky Survey (2MASS) out to an angular distance of about
8 degrees, beyond which the surface density of RGB and AGB stars fall
below detectable levels. Within that distance, van der Marel was able to
use these probes to derive the disk inclination on the sky, the intrinsic
elongation of the LMC disk, and a disk scale length of about 1.3 kpc. In
the SMC the RGB, AGB, and clump stars can be used out to an angular
distance of about 3 degrees.

There are currently several ongoing studies to push the detection of RGB
stars associated with the Clouds to larger angular distances from their
centers. In contrast, Saha and his team have carried out a deep imag-
ing survey in five passbands (Washington C, M, DDO51, and Landolt
R and I) using the Mosaic camera on the Blanco 4-m telescope at CTIO
in selected fields around the LMC/SMC complex, primarily directed at
identifying stars on the main sequence (MS) below the oldest turn-off,
while also including the ability to identify giants. Not only are MS stars
nearly two orders of magnitude more numerous than giants, but they
also provide a representation of the parent population that is unbiased
by age and metallicity. Further, the morphology of the color-magnitude
diagrams in the above chosen bands yields useful handles on age and
metallicity, which are additional characteristics of the stellar populations
in the extremities of these galaxies that are important clues about the
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Figure 1: The extended region of sky surrounding the Magellanic Clouds, as seen in neutral
hydrogen emission from the Galactic All Sky Survey (see www.atnf.csiro.au/research/GASS/).
The Galactic plane, the location of the LMC and SMC, and both “leading” and “trailing” arms of
the Magellanic Stream are clearly visible. The positions of the fields studied in this survey are
shown by the over-plotted symbols. (Image credit: S. Janowiecki.)

origin of the galaxies themselves. Thus the survey is crafted to reveal the
early history of the LMC and SMC and their interactions with each other
and with the Milky Way.

Complete spatial coverage to the desired depth around the LMC/SMC/
Magellanic Stream complex would involve about 2000 square degrees,
which is observationally prohibitive with current instrumentation: a
thirty-night program on the Blanco with Mosaic-2 provides only a 1%
fill factor. Thus, Saha and his team strategically selected representative
fields in six regions:

1. Looking away from the LMC in a direction least complicated by the
SMC. This is along north from the LMC from 7 to 20 degrees from the
LMC center. This is supplemented by a similar radial cut along the north-
west direction.

2. Almost due north from the SMC, along the Magellanic stream.

3. Toward the Galactic plane from the LMC along the “leading arm” of
the Magellanic Stream.

continued
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The NOAO Outer Limits Survey continued
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Figure 2a: The color-magnitude diagrams in C-R vs. | are shown for fields progressively more distant (from 7 to 12.5 degrees) along a line due north from the center of the LMC. All objects whose
profiles are consistent with those of a stellar point spread function are shown. The majority of objects fainter than | = 22.5 and with colors ranging from 0 < (-R < 1.5, especially noticeable in
the more distant fields, are background galaxies unresolved in the seeing limited images. The isochrone (Marigo et al. 2008) for z=0.002 and log t = 9.9 (~8 Gyr) is over-plotted using a distance
modulus of 18.5 on all the panels. Figure 2b: Same as for Figure 2a, but for fields 14 to 19 degrees from the LMC center.

4. Westward from the SMC, orthogonal to the Stream, which is also an
area opposite from the LMC and least affected by it.

5. Several control fields 30 to 40 degrees away from the Clouds, spanning
a range of Galactic latitudes that bracket the levels of foreground con-
tamination in the target fields. This is necessary to make good models to
account for contamination.

6. In a direction looking back along the LMC’s trajectory, based on the
proper motion studies by Kallivayalil et al. (2006) and by Piatek et al. (2008).

A panoramic view of this part of sky as seen in neutral hydrogen is shown
in Figure 1, with the various field locations over-plotted.

The observations were concluded in December. The photometry has
better than 2% systematic accuracy. The first results from the analysis
of the data products are in hand: a particularly salient example is de-
scribed below.

Figure 2a shows the color-magnitude diagrams (CMD) (C-R vs. I) for
fields running north from the LMC (region 1 above), from 7 through 12.5
degrees from the LMC center. Figure 2b continues out even farther, from

14 through 19 degrees from the LMC center. These fields also happen to
lie at a constant Galactic latitude of about -34 degrees.

A smooth progression in the features of the CMD is apparent. Going
from the 7- through 9- to 11-degree fields, there is not only a decline in
the total number of stars present, but also a steady erosion of the younger
stars relative to the older ones, as seen from the sharp decline in the num-
ber of blue MS stars (above the oldest turn-off). At distances of 11 de-
grees, the younger stars are all essentially gone. The overall decline in the
number of all stars also causes the RGB to vanish against the backdrop
of foreground stars from the Galaxy: while it is clearly delineated in the
7-degree field and still quite visible 9 degrees out, it is not discernible on
its own in the 11-degree field. In contrast, the MS clearly continues to
stand out prominently, and remains visible even 16 degrees out, beyond
which it too is no longer present. This is the expected validation of one of
the basic precepts of this survey: that of reaching the MS stars below the
oldest turn-off, and using them as tracers of extended structure. The MS
stars carry us out about twice as far as the RGB- and AGB-based study
by van der Marel.

The procedure is to define regions on these CMDs that delineate the MS
stars below the oldest turn-off, and also the locus of the RGB as seen in

continued
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The NOAO Outer Limits Survey continued

the 7-degree field. The number of stars in these two regions in each of
these eight CMDs is then counted. The 17.5-degree and 19-degree fields,
where no MS feature is visible, as control fields that represent the Galactic
foreground and general background object densities provide corrections
to the raw counts in the other six fields to derive the contribution from
the stars that are associated with the LMC. The inferred number of gi-
ants (per Mosaic-2 field of about 0.33 square degrees) is consistent with
zero at distances of 11 degrees and beyond. In contrast, Figure 3 shows
the log of the inferred surface density of MS stars associated with the
LMC against the projected distance from the LMC center. The excellent
fit (shown as the line in Figure 3) to an exponential decline in surface
density over the entire range where MS stars are associated with the LMC
argues strongly that these stars lie on a disk, with a scale length of 1.35 de-
grees on the sky. De-projecting on to the plane of the disk following the
geometric parameters derived by van der Marel (2001) yields a disk scale
length of about 1.3 kpc, which is in stunning agreement with the value he
derived for the inner disk using giant stars! Attempts to reconcile these
star counts with a spheroidal halo run into various problems, which will
be discussed in a forthcoming paper.

The conclusion that the detectable stellar outer limit of the LMC is disk
dominated is interesting on several fronts. Observationally, optical detec-
tion of a disk well past 10 scale lengths is unprecedented. The MS star
density near the extremities produces a surface brightness as faint as 34
mags per square arcsec. That such ordered structure persists so far out
from the LMC while in the tidal field of the Galaxy suggests that the LMC
could not have repeatedly passed close to the Galaxy, although formal
conclusion on this must await dynamic modeling.

These examples underscore the unique opportunity that the LMC/SMC
complex provides for studying the outer extremities of galaxies, even
though these particular examples may be peculiar.
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Figure 3: The run of the log of surface density of MS and old turn-off stars in a predefined
region of the CMD with LMC-centric distance as projected on the sky along a direction due
north from the LMC center. The line shown is a fit to the inner six points, which implies an
exponential decrease in the surface density of these stars with distance, with a scale length of
about 1.3 degrees on the sky.
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Evidence that Temporal Changes in Solar Subsurface Helicity

Precede Active Region Flaring

Rudi Komm (NSO), Frank Hill (NSO), Alysha Reinard (University of Colorado/CIRES) & Justin Henthorn (Ohio State University)

weather” (the fluctuating effect of the Sun on the heliosphere and

the Earth) is an increasing concern. Solar flares and coronal mass
ejections (CMEs) affect satellite function, high-frequency communica-
tion, power grids, and many applications that use the Global Positioning
Satellite system (e.g., deep-sea drilling and precision farming). Because of
our increasing reliance on technology that is susceptible to space weather
effects, it is vital that we improve our understanding of solar flares and in-
crease our ability to forecast when a flare will occur and how large it will
be. Highly twisted magnetic fields are very likely responsible for strong
eruptive phenomena such as flares and CMEs. While several parameters
based on surface magnetic field measurements have been evaluated as
potential flare-forecasting criteria, so far none have been found to offer
much improvement over predictions based on chance alone.

g s our society becomes more technologically advanced, “space
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We studied the relationship between twisted velocity fields below the
surface of the Sun and flare production. The velocity can be measured
indirectly with local helioseismology using the “ring diagram” technique.
In this method, localized regions are probed rather than the entire Sun,
making it possible to map the horizontal flows in the immediately sub-
surface, outer convection zone as a function of heliographic latitude, lon-
gitude, depth, and time. This technique has led to detailed maps of the
horizontal flows, with continuous coverage since August 2001 using data
from the NSO Global Oscillation Network Group (GONG) program.
The 100-plus 27-day-long Carrington rotations that have been collected
so far cover the maximum of solar activity and the descending phase
of Solar Cycle 23, as well as the current extended and deep minimum
of solar activity. While the flow maps themselves are a rich source of
information about the solar convection zone, their value is enhanced by

continued



Temporal Changes in Solar Subsurface Helicity continued

the computation of fluid dynamics descriptors, such as the divergence
and the vorticity of the flows. Vertical velocities are determined using the
divergence of the horizontal flows, assuming incompressibility and zero
surface velocity. The kinetic helicity density is then the scalar product of
the velocity and vorticity vector.

Previous work showed that if an active region had both high subsurface
vorticity and a strong surface magnetic field, it would also have a very
high probability of producing several strong flares. In addition, the he-
licity of one of the 2003 “Halloween” flare regions (AR10486) had very
large values that shrank to essentially zero at the time when an X10 flare
occurred. This suggested that the temporal behavior of the subsurface
helicity might be useful as a flare predictor. We investigated more than
1000 active regions to determine if this behavior is typical or if AR10486
was unusual.
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Figure 1: The temporal variation of the Normalized Helicity Gradient Variance (NHGV) for
active regions associated with X-class flares (red), M-class flares (blue), and C-class flares
(cyan). Shown in green is an average value for active regions that do not flare. (Image credit:
Alysha Reinard, University of Colorado/CIRES.)

We designed a parameter, the Normalized Helicity Gradient Variance
(NHGV), to capture the large, but shrinking, spread of helicity values,
the overall range of helicity values, and the depth variation of the helicity.
Figure 1 shows the average NHGV versus time leading up to a flare that
occurs on day zero for X-, M-, and C-class flares normalized by the values
for quiet, non-flaring active regions. This normalization produces a value
of one for quiet regions. It is immediately apparent that the parameter is
able to identify C-, M-, and X-class flare-producing active regions since
the NHGYV increases with increasing flare class and all of these values are
higher than the quiet region data. The NHGYV rises in the days before
the flare occurs, peaking on the day of the flare. A statistically significant
jump in NHGYV is seen two days before C- and X-class flares and three
days before M-class flares. While this result is based on average data, it
indicates the potential ability to use this data to predict when a flare will
occur, how large it will be, and from which active region it will arise.

The results suggest that a buildup of energy caused by twisting velocity
fields is taking place below the surface of the Sun, leading to the following
physical scenario: turbulent flows gradually twist field lines below the pho-
tosphere, thus using rotational kinetic energy to push magnetic field lines
into an unstable configuration below the active region. This configuration
propagates upward into the solar atmosphere, and, if the subsurface helicity
becomes strong enough, the magnetic field is twisted to the point where the
repulsion of like polarity is overcome, resulting in explosive reconnection
in the form of a flare. This simple scenario then suggests that large, de-
creasing values in the rotational kinetic energy, i.e., helicity, precede flaring
activity. While numerical simulations to study the twist of magnetic flux
tubes resulting from the kinetic helicity of turbulent flows have been
done, it is quite clear that detailed magnetohydrodynamic simulations are
needed to fully understand the physical mechanism and to further guide
predictive techniques based on subsurface vorticity measurements. Figure
2 shows an artistic conceptual image of the physical scenario.

Figure 2: Conceptual drawing of the physical mechanism causing flares. The surface of the
Sun is shown in green, with the surface magnetic field of AR10486 in red and blue. Below the
surface, the flows form a double “smoke ring” pattern with opposite senses of rotation within
the ring. The magnetic field flux tube, shown as an orange curve, is twisted by the flows in the
rings to the point where the repulsion of like polarity is overcome, resulting in explosive recon-
nection in the form of a flare. (Image credit: P. Marenfeld/NOAO.)

Using the discriminant statistical technique, we found that the combina-
tion of the temporal evolution of NHGV and the surface magnetic field
strength provides a flare vs. no-flare forecast within one day of a flare with
a Heidke skill score of 0.333. The Heidke skill score indicates whether
a prediction result is better than could be expected by chance, and its
value measures how much better the prediction is compared to chance.
A perfect predictor has a Heidke skill score of one, a predictor that does
no better than chance has a Heidke skill score of zero, and predictors that
do worse than chance have negative Heidke skill scores. Our Heidke skill

continued
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Temporal Changes in Solar Subsurface Helicity continued

scores range from 0.25 to 0.38. For comparison, using various combi-
nations of surface vector magnetic-field measurements to predict flares
produces Heidke skill scores that range from 0.07 to 0.15.

Thus, the temporal variation of subsurface helicity is a good indicator of

will occur. We are currently developing improvements to the analysis and
starting to work with the National Oceanic and Atmospheric Administra-
tion Space Weather Prediction Center in Boulder to develop an operational
tool for forecasting flare activity. A complete discussion on this topic has

when a flare will occur, how strong it will be, and in which active region it

been accepted for publication in the Astrophysical Journal (Letters). @

McMath-Pierce Observations of the Lunar Impact
Plume from the LCROSS Mission

R.M. Killen (NASA Goddard Space Flight Center), A.E. Potter (NSO), D. Hurley (Johns Hopkins University Applied Physics
Laboratory, Maryland), C. Plymate (NSO) & S. Naidu (University of Maryland)

The purpose of the Lunar Crater Observing
and Sensing Satellite (LCROSS) mission was to
determine if appreciable amounts of water are
condensed in the permanently shadowed cra-
ters that are found in lunar polar regions. The
permanently shadowed regions are obviously
inaccessible to direct observations that might
reveal the presence of water ice. So, in order
to loft some of the shadowed material from
the crater floor into sunlight where it could be
analyzed spectroscopically, a Centaur (rocket)
upper stage was crashed into the permanently
shadowed crater Cabeus. The impact plume
was predicted to rise into sunlight, where a
small follower satellite and ground-based tele-
scopes could observe its properties.

We planned to observe sodium emission, wa-
ter vapor, and polarization effects in the impact
plume. The McMath-Pierce main telescope was
used with the stellar spectrograph to observe
sodium emission and water vapor, and the
McMath-Pierce East Auxiliary telescope was
used to image the impact plume in orthogonal
polarizations.

The Centaur upper stage impacted the crater
floor of Cabeus at 11:31:19 UT on 9 October
2009. The small, shepherding spacecraft fol-
lowed, making spectroscopic measurements of
the Centaur impact plume, and itself impacting
at 11:35:35.05 UT. Recent reports are that water
was detected in the plume.

In common with all other ground-based ob-
servers, we did not detect the impact plume
in visible light images from the East Auxiliary
telescope, so we did not obtain any information
about the polarization properties of the plume.

8 NOAO/NSO Newsletter March 2010

Figure 1: Guide camera image of the limb of the Moon at Cabeus. The positions of the slitimmediately after the Centaur impact
(left), and then 4.5 min later (right) are marked. (Image credit: Andrew Potter/NSO.)

The spectra observed with the stellar spectro-
graph covered the two sodium D-lines, and in-
cluded a number of terrestrial water lines. We
could not see any change in the water lines, so
we did not obtain any information about water
in the impact plume. However, we did detect
emission from the sodium D-lines. The re-
mainder of this report is concerned with our
observations of the sodium emission.

Figure 1 shows the configurations of the spectro-
graph slit for the stellar spectrograph measure-
ments. The first two measurements were made
with the slit across the crater shadow (left im-
age), expecting to get spectra of the initial impact
cloud there. The slit was then moved off the limb
(right image), where two more measurements
were made to get spectra of the more diffuse
cloud expected as the impact cloud dissipated.

Spectra taken before the event were used to
subtract out the background, so as to get spectra

of the sodium D, emission alone. Immediately
following the last impact event measurement,
the lunar equatorial limb was measured to pro-
vide an intensity calibration from the known
reflectivity of the lunar limb. The sodium emis-
sion intensities in kiloRayleighs resulting from
the calibration were converted to atom column
densities, using the g-value appropriate for the
sodium D,-line at 1 AU (0.53 photons/atom/
sec). Results are shown in Figure 2, where so-
dium atom column densities are plotted against
distance on the Moon.

Results from the observation covering the first
90 sec after the impact are shown in the left
panel of Figure 2. There is a sharply defined
peak at the approximate location of Cabeus,
rising to a maximum of about 3x10" atoms/
cm? column. A sodium peak is still detected in
the second 90-sec interval, but it has fallen to a
level of about 0.5x10" atoms/cm?* column. At
270 sec (4.5 min) after impact, the slit was

continued



McMath-Pierce Observations continued

moved off the lunar limb, as shown in
Figure 1. The resulting off-limb column den-
sity profiles are shown in the right panel of Fig-
ure 2. For the observation covering the period
4.5-6.5 min after impact, a sodium peak still is
seen, but it has broadened beyond the field of
view of the spectrograph, with a maximum of
about 0.8x10" atoms/cm? column. The final
observation for the period 7.0-9.0 min showed
a broad weak sodium emission, with a maxi-
mum of about 0.2x10" atoms/cm? column.

One of us (Hurley) developed a model of the
sodium plume, assuming a release temperature
of 1000 K and scalable by the mass of sodium
released. Two configurations were analyzed:
in one, the sodium cloud expanded isotropi-
cally; in the other, it was directed at a 45° angle
to the surface. The latter model seems to be
more consistent with the observations, not
unreasonably, considering that the Centaur
upper stage struck the surface at an extremely
oblique angle. Results from the model are
shown in Figure 3. The left panel shows the
sodium column density averaged over the first
90 sec after impact. In the immediate vicinity
of the impact, the predicted width of the emis-
sion is roughly similar to the observed width.
However, predicted column densities assuming
1 kg of sodium released are in the range of
102 atoms/cm? column, three or more times
larger than the observed values in the 3x10"
atoms/cm’ column range. We suggest that
the difference might be due to shadowing of
the sodium plume, resulting in an underesti-
mate of sodium from our sunlight scattering
measurements, or possibly the slit was slightly
misaligned with the plume. There is better
agreement between the off-limb observations
and the model predictions, with sodium den-
sities in the same range, and a width of the
plume that appears to be similar. From this,
we conclude that the impact released a mass of
sodium of the order of 1 kg at a temperature
on the order of 1000 K. @
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Figure 2: Sodium column density profiles across the LCROSS impact plume. The left image is for the slit placed directly on the
crater Cabeus, and the right image is for the slit placed about 10 arcsec off the limb. (Image credit: Andrew Potter/NSO0.)

Figure 3: Model predictions of the distribution of sodium following the Centaur impact. The left panel shows sodium column
density averaged over the first 1.5 min, corresponding to the first observation period. Peak sodium levels at the crater were in the
range 10™-10" atoms/cm? column at the crater, and the width was about 50 km. The right panel shows the averaged density
over the 4- to 6-min period corresponding to the first off-limb observation period. Peak sodium levels were in the range 10"
10" atoms/cm? column, and the width close to the limb was about 200 km. (Image credit: D. Hurley, Johns Hopkins University
Applied Physics Laboratory, Maryland.)
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