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Fig. 5.—Left: Optical layout of the cryostat. Right: Photograph of the vacuum jacket and cold structure. The cryostat is shown with its front and back covers
removed. Immediately inside the vacuum jacket is the closed-cycle cooled radiation shield, also shown without its front and back covers. The radiation shield is
mounted to the vacuum jacket by four small fiberglass tabs. The cold structure is mounted to the vacuum jacket by four fiberglass V-trusses, three of which are
visible in this view. The interior of the vacuum jacket, radiation shield, and cold structure are all highly polished to reduce emissivity.

order-sorter filter wheel, 12.5 mm cold stop, K-mirror image
rotator, and camera lens. This system reimages a !! !!60 # 60
field onto a slit wheel and feeds an f/12.7 beam into the
spectrograph.
The field surrounding the slit is reflected into the slit viewer

by a slit mirror. The slit viewer consists of a collimating lens,
12.5 mm cold stop, filter wheel, camera lens, and array. A

field is reimaged onto a Aladdin 2 InSb!! !!60 # 60 512# 512
array, giving an image scale of 0!.12 pixel . In addition to!1

object acquisition and scientific imaging, the slit viewer is used
for infrared guiding either on spillover light from the science
object in the slit or on an object in the field.
The f/12.7 beam entering the spectrograph is first folded

before collimation by an off-axis parabola. The collimator
forms a 24 mm diameter image of the telescope pupil on a
grating/prism mounted in a grating turret wheel. Following
dispersion, a camera lens images the spectrum onto a

Aladdin 3 InSb array, which is mounted on a1024# 1024
focusing stage. The spatial scale is 0!.15 pixel . Because of!1

the wide wavelength range, cross-dispersion is done with
prisms, which are used in double-pass mode. The grating turret
has five positions: two grating/prism cross-dispersed modes,
two grating long-slit modes, and one low-resolution prism
mode. All the lenses are BaF2-LiF-ZnS/Cleartran achromatic
triplets, antireflection coated for 0.8–5.5 mm.
An IRTF-designed array controller runs both the spectro-

graph and imaging InSb arrays. Cryostat-mounted electronics,
consisting of preamps, analog-to-digital (A/D) boards, clock,
and bias boards, are fiber-optically coupled to the array con-
troller, which resides in the telescope control room. The
VME64-based array controller uses digital signal processor
(DSP) boards (each containing four DSPs) and a single-board
SPARC computer. One controller (“Bigdog”) runs the spectro-
graph array, and a second (“Guidedog”) runs the slit-viewer
array. Table 2 summarizes the basic parameters of the instru-
ment and arrays. A PC-based instrument computer (“Little-
dog”) mounted on the mirror cell is used for motor and tem-
perature control and for monitoring tasks. A graphical user

Rayner et al. 2003
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To derive the response of the system, we consider the CCD
quantum efficiency and the throughputs of the components in
the fore optics box, as described previously. We combine these
values with the throughputs of the primary mirror, secondary
mirror, SpeX dichroic, and two SpeX windows with single-layer
CaF2 coating (efficiencies given in Table 4 of Rayner et al.
1993). The total MORIS detector response for each dichroic
is shown in Figure 4a.

There is a custom-made filter wheel that holds 10 (1 inch
diameter) filters. The wheel is rotated by an Animatics Smart-
Motor SM2330D, and a positive mechanical detent locking sys-
tem is employed to ensure positioning repeatability to better
than 15 !m. The current suite of 5 mm thick filters was made
by Asahi Spectra: SDSS g0, r0, i0, and z0 (following the Sloan
Digital Sky Survey; Fukugita et al. 1996); Johnson V ; V R
(following Jewitt et al. 1996); and OG590 (a long-pass red filter
comprised of 3 mm Schott OG590 and 2 mm BK7). The detec-
tor response, including the transmission curves of the filters, is
plotted in Figures 4b and 4c. ZEMAX simulations show that
there should be a negligible change in focus between the dif-
ferent filters or an open position.

We designed a light-tight box to interface with SpeX, house
the optics and filter wheel, and allow mounting and focusing of
the camera. The anodized components of the fore optics box
were machined at MIT to a positional accuracy of better than
0.005 inches. Figure 5 is a photograph of this box mounted onto
the side of SpeX.

2.3 Timing

To ensure accurate timing, we use a Spectrum Instruments,
Inc., Intelligent Reference/TM-4 GPS. A small weatherproof
antenna has been attached to the top of the telescope with an

FIG. 3.—ZEMAX diagram of the MORIS optical path, from the exit window
of SpeX to the Andor Ixon camera window. The 3!1 reducing optics consist of
three lenses and one folding mirror.

FIG. 4.—The MORIS detector response as a function of wavelength. The re-
sponse is shown as a percentage of light entering the telescope and thus includes
throughput from all optics, as well as CCD quantum efficiency. (a) Response
with no filter. The two curves correspond to the SpeX 0.8 !m and 0.95 !m
dichroic beam splitters, one of which must be selected to direct light out of
the side-facing exit window and into the MORIS fore optics box. (b) Response
for the Sloan filters, with the 0.95 !m dichroic. Sloan g0, r0, i0, and z0 are rep-
resented by dotted, gray, black, and dashed lines, respectively. (c) Response for
the remaining filters, with the 0.95 !m dichroic. Johnson V , VR, and long-pass
red (OG590) are represented by thick black, dot-dashed, and thick gray lines,
respectively.
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High time resolution with MORIS and SpeX

• MORIS 

• dead time 1.7 ms for 512 
rows at default vertical 
shift speed 

• 3.5 frames/sec for full 
frames at 1MHz readout 
rate 

• 35 frames/sec at 10 MHz 

• with binning and sub-
framing, can get to 
hundreds of frames/sec

• SpeX movie mode 

• data streamed to two 
SRAMs alternately 

• 2 frames/sec for full 
1024x1024 frames 

• 10 frames/sec using prism 
mode (0.8-2.5 micron) 
with 512x100 subarray 

• with sub-framing (less 
wavelength range), can 
get faster
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aperture photometry on each frame to extract the combined sig-
nal from Pluto, Charon, and P571. This procedure was repeated
for two comparison stars in the frame that were slightly brighter
than P571. Background regions were carefully selected around
each aperture in order to accurately subtract out background
light. To calibrate the light curve, we used data taken before
and after the occultation when Pluto and the star were well sep-
arated. We find the background fraction, (Pluto+Charon)/
(Pluto+Charon+P571), to be 0:826! 0:001. The highest
signal-to-noise ratio (S/N) for the unocculted Pluto, Charon,
and P571 baseline was obtained using raw data, with an aperture
having a diameter equal to 12 superpixels, and dividing by the
mean of the signal from the two comparison stars. The cali-
brated light curve shown in Figure 7 has a S/N of 35 per atmo-
spheric scale height of 60 km on Pluto.

A geometric solution was not possible, since we have only a
single chord for this occultation. In addition, extensive attempts
to derive object positions using multiple point-spread-function
fitting did not return accurate results. A significantly larger
number of astrometric frames, extending further before and after
the event, would be required for that analysis.

Following Elliot & Young (1992), we fit the light curve by
assuming a power-law thermal structure. We assumed the best-
fit atmospheric parameters from Elliot et al. (2007) of half-light
radius rH " 1276:1 km, equivalent isothermal gravitational to
thermal energy ratio at half-light radius !iso " 18:3, and thermal
gradient parameter b " #2:2. A one-limb model was used, and
the surface radius was set to a low enough value such that it
would not effect the light curve. Only data points of flux >
0:4 were used, since Pluto’s lower atmosphere is known to de-
viate from isothermal (e.g., Elliot et al. 2007; Young et al. 2008,
and references therein; Lellouch et al. 2009). Best-fit values
were found for closest approach distance (99:9! 99:9 km),
midtime (1143:80! 0:32 s from the data cube start time of
10!18!00:00 UT), full-scale unoccultated signal (1:02!
0:49), and slope of the full-scale signal (#5:49 ! 10#6!
3:34 ! 10#4). The best-fit model is plotted along with the data
in Figure 7. Although some structure is apparent at the base of
the light curve, the large central flash predicted by the model is
not evidenced. A thermal gradient and/or extinction in the lower
atmosphere could cause this feature to be suppressed.

FIG. 6.—RawMORIS image of the P571 field. This is a 5 s exposure, binned 2 ! 2, taken 1 hr before the occultation. Pluto, its moon Charon (resolved to the lower left
of Pluto), the occultation star (P571), and the comparison stars used to generate the light curve are all labeled. The image has been scaled to display ADU 0 to 20,000 in
order to highlight fainter features. The two comparison star peak counts are on the order of 50; 000 ADU pixel#1 and Pluto’s peak counts are approximately
40; 000 ADU pixel#1. The camera setting for this image was 1 MHz conventional 2:4!, corresponding to gain 1.47 e# ADU#1. A slight vignetting by one of
the optics holders is apparent at the corners of the frame. In addition, there is a gradient in the background light that decreases radially by a factor of approximately
1.5 from the center to the edges.
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The error on the predicted closest approach was 99.9 km, or
0.005", which compares favorably with errors on recently ob-
served stellar occultations by Pluto (e.g., errors on predicted
closest approaches of 0.010 and 0.015" in 2006 and 2007, re-
spectively; Elliot et al. 2007; Person et al. 2008). The best-fit
midtime is 10!37!03:80! 0:32 UTC. The error on the predicted
midtime for this station was thus 00!01!11, which also compares
favorably with previous predictions and observations (e.g., er-
rors on predicted midtimes of 00!02!33 and 00!02!24 in 2006
and 2007, respectively; Elliot et al. 2007; Person et al. 2008).

3.2 Extrasolar Planetary Transit by XO-2b

On 2008 December 6, MORIS was used to observe a transit
by the extrasolar planet XO-2b. This exoplanet was announced
by Burke et al. (2007) with 11 light curves, and an additional six
high-quality light curves were provided by Fernandez et al.
(2009). XO-2b was chosen to see how well MORIS would per-
form on a bright (I " 10:5 magnitude) exoplanet target with a
binary companion. In this case, the companion is a nearly iden-
tical star separated by 30": an ideal situation for differential
aperture photometry with MORIS.

The observations were carried out using the IRTF’s remote
observing option, with the SpeX 0.95 !m dichroic and a long-
pass, red, visitor, Thorlabs filter (lower cutoff at 700 nm).

MORIS was internally triggered to take 2 s exposures. The cam-
era settings were full frame, 1 MHz conventional mode, with
2:4! preamplifier gain. Throughout the observations, the air
mass ranged from 2.2 to 1.2 and the seeing was approximately
1". The best light curve, shown in Figure 8, was produced with a
30 pixel radius aperture around the star, with the sky back-
ground estimated from an annulus with inner radius of 60 pixels
and a width of 10 pixels. A slight mismatch in the level of base-
line before and after transit was removed with a trend against
time. The instrument was refocused twice when the seeing be-
gan to worsen, and there are two features just before ingress and
near the midtime associated with those refocusing events.

The transit light curvewas fit using theMandel&Agol (2002)
algorithm as implemented by thewhite-noise model described in
Carter & Winn (2009). We assumed that XO-2b has zero obli-
quity, oblateness, and orbital eccentricity, and we employed a
quadratic limb-darkening law assuming T " 5340 K, log g "
4:48, #M=H$ " 0:5, and V micro " 2 km=s. Since the transit
was observed with a long-pass filter (effective wavelength
700–900 nm),we used the initial values ofu1 " 0:3670 andu2 "
0:2850 for the Sloan i0 filter from Claret (2004) and fit for the
linear term, u1, while leaving u2 fixed. The best model param-
eters were found using a Monte Carlo Markov chains method,
with the best least-squares-fit values used as initial parameters.
Three independent chains of 106 links (minus the first 50,000
points in each) were combined to derive the final parameters,
which are themedian and 68.3% credible interval values (equiva-
lent to the standard deviation if the distribution is Gaussian).
For more details on the modeling, see Adams (2010). Follow-
ing Fernandez et al. (2009), the orbital period was fixed
to P " 2:615864 days, and we assumed that M% " 0:971!
0:034M", R% " 0:976! 0:024R", and Mplanet " 0:565 !
0:054MJup.

By fitting the transit on 2008 December 6 jointly with an-
other half-transit observed from MORIS on 2008 December 19,
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FIG. 7.—Light curve from the occultation of P571 by Pluto. The normalized
flux of the star is plotted vs. time. Top: Data points are shown at full time re-
solution of 0.25 s. The thick gray line represents the model fit to flux greater than
0.4. The thin gray line shows the continuation of the model to lower flux (un-
fitted data); it is apparent that the lower atmosphere differs significantly from the
model. Bottom: Data points are binned by eight for a resolution of 2 s. The
binned data are displayed to more clearly distinguish the features at the bottom
of the light curve, which are possibly diagnostic of a repressed, asymmetric cen-
tral flash.
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FIG. 8.—Light curve from a transit of exoplanet XO-2b. Top: The normalized
flux of the star is plotted vs. time. Black dots represent data binned by 10 s and
the gray line is the model fit. Bottom: The residuals between the data and the
model are plotted vs. time, with a gray line at 0.
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not occulted by Pluto. Such a star could be located as close as
,0.03 arcsec (Fig. 1) to P131.1—a possibility that could be checked
with high-resolution imaging (a difficult task, even for the Hubble
Space Telescope).

Considering the possible pervasive extinction in Pluto’s atmos-
phere, standard techniques for determining the atmospheric struc-
ture from an occultation light curve must be used with caution,
since these are based on a clear-atmosphere assumption17 or
postulate a specific extinction model2. Bearing this in mind, we
used only those portions of the light curve corresponding to radii
above 1,220 km (to remain above the extinction level in the model
used for the 1988 data) to establish the equivalent isothermal
temperatures for an N2 atmosphere. These are 107 ^ 4 K and
101 ^ 3K, respectively, for immersion and emersion, and their
mean is 104 ^ 2K. This is virtually the same as that obtained in
1988: 104 ^ 8K (the smaller error bar than previously published2

reflects a smaller error bar on Pluto’s mass18). Hence the equivalent
isothermal temperature of Pluto’s atmosphere at the few microbar
level has not changed by a detectable amount.

Finally, we inverted the UH 2.2-m light curve (Fig. 2), for which
the pressure versus radius profiles are shown in Fig. 4. Here, for
comparison, we have also plotted the pressure profiles for the KAO

data from 1988, with the level of the kink indicated for reference.
According to the haze model for the 1988 data, all extinction effects
should occur below this level (although we cannot determine a
maximum altitude for any extinction in the 2002 data). These
pressure profiles apply for the clear-atmosphere assumption, but we
note that on the scales used in Fig. 4, a break in the pressure profiles
at this level (caused by the kink) is not perceptible (in contrast, the
shapes of the temperature profiles are highly dependent on the
presence of the kink17). Hence we conclude that the pressure in
Pluto’s atmosphere within the 1,200–1,280 km radius range has
increased by about a factor of two between 1988 and 2002. This
corresponds to an expansion of about 40 km for the isobars in the
region probed by the occultation.
If the temperature structure between this region and the surface

has remained the same, as it apparently has within the region
probed by the stellar occultations, then the surface pressure has
also increased by a factor of two. Neptune’s satellite Triton—a body
similar to Pluto in size, density, and atmospheric constituents—
experienced a smaller pressure increase19,20 during 1989–97. Sur-
face-pressure increases on both of these bodies would be driven by
regaining vapour-pressure equilibrium in response to small
increases in the temperature (,1K) of nitrogen surface ice. The
fact that both have experienced increased pressure leads one to look
for a common cause, such as increased solar output—but this has
not occurred21. Possible reasons for surface-temperature increases
include (1) a darkening of the surface ice, so that more sunlight is
being absorbed and (2) the effects of thermal inertia and the large
obliquity of these bodies. Photometric observations show that Pluto

Figure 3 Minimum stellar fluxes versus wavelength. Horizontal lines indicate the pass

bands for the UH 2.2-m observations, the H filter used on UKIRT, and the four SpeX

‘bands’ (crudely approximating the I, J, H and K bands); the points indicating the minimum

fluxes are plotted at the effective wavelength for each pass band. Each minimum flux,

expressed as a fraction of unocculted stellar flux, and its error bar was derived by

averaging the central 216.5 s of the light curve for each data set. The full-scale and zero

level of each light curve were calibrated with observations of Pluto-Charon and the star

when they were well separated before and after the occultation. The wavelength

dependence suggests that the minimum occultation flux is determined by extinction in

Pluto’s atmosphere. Note that the minimum flux level of the SpeX ‘K’ band is at about 0.08

of the unocculted stellar flux. By assuming that this flux at K applies to a clear atmosphere,

we estimate lower limits on the slant-path optical depths ranging between 0.0 at ‘K’,

through to 0.8 at ‘J’, and possibly larger than 2 in the visible. Mie15 light-scattering

calculations show that spherical particles with radii near 0.2mm and refractive indices

representative of tholins26 have an appropriate wavelength dependence in extinction

efficiencies to produce such a curve27. However, modelling of the growth and

sedimentation of photochemically produced spherical aerosols28 suggests that realistic

haze production rates are not sufficient to produce such large opacities. Whereas single

Mie spheres prove inadequate in these models, aggregate particles may provide a

solution as they can have extinction efficiencies up to ten times larger than equivalent

volume spheres of the same material29. The likelihood of aggregate haze particles in

Pluto’s atmosphere is strengthened by recent studies27,30 showing it is likely that

photochemical hazes on Titan are aggregate in nature.

Figure 4 Pressure profiles for 21 August 2002 and 9 June 1988. Pressures obtained

from inversions17 of the two occultation light curves, for immersion and emersion, have

been plotted on a log-linear scale versus distance (in km) from the centre of Pluto (the

surface radius is poorly constrained17, with 1,175 ^ 25 km covering the likely range).

The error bars indicate a one standard deviation error, and since these errors are highly

correlated17, the scatter between adjacent points is much less than the error bars. The

non-overlapping error bars for the 2002 immersion and emersion pressure profiles may

be due to noise or a small discrepancy between the radius scales for immersion and

emersion. The large difference between the atmospheric pressures derived from the

two occultations indicates that Pluto’s atmospheric pressure has increased by a factor of

two between 1988 and 2002. A surface-pressure increase by a factor of two on a body

with its surface pressure in vapour-pressure equilibrium would imply a temperature

increase of the N2 frost of 1.3 K for the likely range of surface pressures applicable to

Pluto17. If this temperature change in the frost were brought about by changes in the

average albedo of Pluto, it would require a decrease in the red albedo, for example, from

0.64 to 0.59. Effects of thermal inertia22 could be at work as well, which would lessen the

contribution of additional heat needed from an albedo change.
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The error on the predicted closest approach was 99.9 km, or
0.005", which compares favorably with errors on recently ob-
served stellar occultations by Pluto (e.g., errors on predicted
closest approaches of 0.010 and 0.015" in 2006 and 2007, re-
spectively; Elliot et al. 2007; Person et al. 2008). The best-fit
midtime is 10!37!03:80! 0:32 UTC. The error on the predicted
midtime for this station was thus 00!01!11, which also compares
favorably with previous predictions and observations (e.g., er-
rors on predicted midtimes of 00!02!33 and 00!02!24 in 2006
and 2007, respectively; Elliot et al. 2007; Person et al. 2008).

3.2 Extrasolar Planetary Transit by XO-2b

On 2008 December 6, MORIS was used to observe a transit
by the extrasolar planet XO-2b. This exoplanet was announced
by Burke et al. (2007) with 11 light curves, and an additional six
high-quality light curves were provided by Fernandez et al.
(2009). XO-2b was chosen to see how well MORIS would per-
form on a bright (I " 10:5 magnitude) exoplanet target with a
binary companion. In this case, the companion is a nearly iden-
tical star separated by 30": an ideal situation for differential
aperture photometry with MORIS.

The observations were carried out using the IRTF’s remote
observing option, with the SpeX 0.95 !m dichroic and a long-
pass, red, visitor, Thorlabs filter (lower cutoff at 700 nm).

MORIS was internally triggered to take 2 s exposures. The cam-
era settings were full frame, 1 MHz conventional mode, with
2:4! preamplifier gain. Throughout the observations, the air
mass ranged from 2.2 to 1.2 and the seeing was approximately
1". The best light curve, shown in Figure 8, was produced with a
30 pixel radius aperture around the star, with the sky back-
ground estimated from an annulus with inner radius of 60 pixels
and a width of 10 pixels. A slight mismatch in the level of base-
line before and after transit was removed with a trend against
time. The instrument was refocused twice when the seeing be-
gan to worsen, and there are two features just before ingress and
near the midtime associated with those refocusing events.

The transit light curvewas fit using theMandel&Agol (2002)
algorithm as implemented by thewhite-noise model described in
Carter & Winn (2009). We assumed that XO-2b has zero obli-
quity, oblateness, and orbital eccentricity, and we employed a
quadratic limb-darkening law assuming T " 5340 K, log g "
4:48, #M=H$ " 0:5, and V micro " 2 km=s. Since the transit
was observed with a long-pass filter (effective wavelength
700–900 nm),we used the initial values ofu1 " 0:3670 andu2 "
0:2850 for the Sloan i0 filter from Claret (2004) and fit for the
linear term, u1, while leaving u2 fixed. The best model param-
eters were found using a Monte Carlo Markov chains method,
with the best least-squares-fit values used as initial parameters.
Three independent chains of 106 links (minus the first 50,000
points in each) were combined to derive the final parameters,
which are themedian and 68.3% credible interval values (equiva-
lent to the standard deviation if the distribution is Gaussian).
For more details on the modeling, see Adams (2010). Follow-
ing Fernandez et al. (2009), the orbital period was fixed
to P " 2:615864 days, and we assumed that M% " 0:971!
0:034M", R% " 0:976! 0:024R", and Mplanet " 0:565 !
0:054MJup.

By fitting the transit on 2008 December 6 jointly with an-
other half-transit observed from MORIS on 2008 December 19,
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FIG. 7.—Light curve from the occultation of P571 by Pluto. The normalized
flux of the star is plotted vs. time. Top: Data points are shown at full time re-
solution of 0.25 s. The thick gray line represents the model fit to flux greater than
0.4. The thin gray line shows the continuation of the model to lower flux (un-
fitted data); it is apparent that the lower atmosphere differs significantly from the
model. Bottom: Data points are binned by eight for a resolution of 2 s. The
binned data are displayed to more clearly distinguish the features at the bottom
of the light curve, which are possibly diagnostic of a repressed, asymmetric cen-
tral flash.
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FIG. 8.—Light curve from a transit of exoplanet XO-2b. Top: The normalized
flux of the star is plotted vs. time. Black dots represent data binned by 10 s and
the gray line is the model fit. Bottom: The residuals between the data and the
model are plotted vs. time, with a gray line at 0.
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Unveiling the redback nature of the LMXBs 3011

Figure 7. Left: the U-band photometry acquired at the 1.9-m SAAO telescope during 2012 Mar.–Apr. showing flares and dips. The spectroscopic coverages
with SALT and NTT are also reported as black thick and dotted lines, respectively. Orbital phases are reported in the upper abscissas. A sine wavefunction
(blue line) at the orbital period is also superimposed on the U-band photometry of Mar. 31. Middle: the simultaneous J-band photometry acquired at the IRSF
SAAO telescope showing similar behaviour. Right: the nIR light curves folded at the orbital period after removing flares.

orbitally locked emitting regions. An extra source of light is needed
to account by for the flares. An opaque and localized material that
crosses the line of sight at the primary inferior conjunction is also
needed to explain the overimposed dips.

The nIR IRSF photometry gives the source at: J = 15.39(8),
H = 15.08(8) and Ks = 14.9(2) consistent with the measures in
2009 reported by dM10 and by Saitou et al. (2011). The light curves,
though with lower temporal resolution, display the same variability
seen in the U band (Fig. 7, middle panels). Removing the few flares,
J ! H and H ! Ks colours indicate bluer spectrum when it brightens.
The H, J, Ks phase-folded light curves (Fig. 7, right panels) reveal
a quasi-sinusoidal modulation with a maximum centred at orbital
phase 0.5 and full amplitudes !J " 0.4 mag and !H " 0.2 mag
(the Ks photometry being too noisy). Correcting the average J and H
magnitudes for interstellar reddening with E(B ! V) = 0.11 (dM10),
we obtain (J ! H)o = 0.27(11), consistent with a late F–early
G spectral type (Bilir et al. 2008; Straižys & Lazauskaitė 2009).
At the minimum of the modulation we obtain (J ! H)o = 0.33(7)
corresponding to a G5-6 V spectral type. This suggests that the nIR
light mainly arises from the donor star, as also indicated by the
analysis of the SED (dM13), which is affected by irradiation.

4.2 The photometric variability during the low state

The REM/ROSS photometry acquired in 2013 gives the source at
g# = 18.82(5) and r# = 18.19(5), hence "2 mag fainter than in 2009
and 2012. The simultaneity with the NTT spectra of Dec. 14 and 15
gives further support that XSS J1227 has faded to the lowest level
ever observed. The light curves, though of poor quality, reveal a
variability consistent with the orbital period (Fig. 8). A sinusoidal
fit at the fixed period (Table 3) gives full amplitudes !g# = 0.74(3)
and !r# = 0.70(4). The large amplitude variation is not easy to
explain in terms of the sole contribution from the unheated donor
star.

To check if the observed g# and r# light curves can be explained by
an irradiated donor star we simulated both light curves at the refined
orbital period using the NIGHTFALL code.3 We adopt a blackbody

3 The NIGHTFALL code is available at http://www.hs.uni-hamburg.de/DE/
Ins/Per/Wichmann/Nightfall.html

Figure 8. The g# (bottom) and r# (top) light curves in 2013 Dec. folded at
the orbital period together with a sine wavefunction (dashed line) and with
the simulated light curves obtained with NIGHTFALL code for q = 0.3 and
i = 69$ (solid line) described in the text.

temperature of 5500 K for the unheated donor star assumed to fill
its Roche lobe and the maximum allowed temperature (500 000 K)
for the irradiating star treated as a point source. Given the low quality
and poor orbital coverage of our photometric data especially at the
inferior and superior conjunctions of the donor star, we also include
in the analysis the secondary star radial velocity curve acquired in
2012, which has a denser orbital coverage than that obtained in
Dec. 2013. We left the mass ratio q to vary between 0.2 and 0.4
(see also Section 5.1) and obtain q = 0.29 and a binary inclination
i = 69$("2

red = 8.9, d.o.f = 160). The companion star is found to be
heated up to 6100 K. The two parameters result to be unconstrained:
q ! 0.5 and i " 43$ at 3# confidence level. Given the low fit quality,
we do not attempt to further interpret the results of the fitting. The
simulated light curves are also shown in Fig. 8.
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ADS search for MORIS
• Solar system occultations 

• Gulbis et al. 2011 (Pluto), Gulbis et al. 2012 (Pluto), Gulbis et al. 2014 (Chiron), Gulbis 
et al. 2015 (Charon), Ruprecht et al. 2015 (Chiron), D’Aversa et al. 2017 (Ganymede) 

• Exoplanet transits 

• Gulbis et al. 2011, Jones et al. 2012, Schlawin et al. 2014 

• Comets 

• Fernandez et al. 2014 

• KBOs 

• Holler et al. 2016 

• NEOs 

• Polishook et al. 2012



Future Directions in High Time Resolution

Bosh & Sickafoose; IRTF Future Directions



Future Directions in High Time Resolution

FOV SNR R

Bosh & Sickafoose; IRTF Future Directions



Future Directions in High Time Resolution

FOV

60”

Bosh & Sickafoose; IRTF Future Directions



Future Directions in High Time Resolution

FOV

60”!600”? 
on-chip comps

Bosh & Sickafoose; IRTF Future Directions



Future Directions in High Time Resolution

FOV

60”!600”? 
on-chip comps

ANDOR 
ULTRA 897

ANDOR 
ULTRA 888

FORMAT 512x512 1024x1024

PIXEL SIZE 16 micron 13 micron

LINEAR 
FOV 60” 97”

WELL 
DEPTH 180,000 e 80,000 e

Bosh & Sickafoose; IRTF Future Directions



Future Directions in High Time Resolution

FOV

60”!600”? 
on-chip comps

ANDOR 
ULTRA 897

ANDOR 
ULTRA 888

FORMAT 512x512 1024x1024

PIXEL SIZE 16 micron 13 micron

LINEAR 
FOV 60” 97”

WELL 
DEPTH 180,000 e 80,000 e

SpeX: 
60” field stop 
at side port

Bosh & Sickafoose; IRTF Future Directions



Future Directions in High Time Resolution

FOV

60”!600”? 
on-chip comps

Bosh & Sickafoose; IRTF Future Directions



Future Directions in High Time Resolution

FOV

60”!600”? 
on-chip comps

dichroic earlier 
in the beam 
(Robo-AO?)

Bosh & Sickafoose; IRTF Future Directions



Future Directions in High Time Resolution

FOV

60”!600”? 
on-chip comps

dichroic earlier 
in the beam 
(Robo-AO?)

small telescope 
piggybacking 

on IRTF



Future Directions in High Time Resolution

FOV

60”!600”? 
on-chip comps

dichroic earlier 
in the beam 
(Robo-AO?)

small telescope 
piggybacking 

on IRTF



Future Directions in High Time Resolution

FOV

60”!600”? 
on-chip comps

dichroic earlier 
in the beam 
(Robo-AO?)

small telescope 
piggybacking 

on IRTF

SNR

fainter occ stars 
smaller exoplanets 
fainter host stars 

smaller NEOs 
smaller KBOs



Future Directions in High Time Resolution

FOV

60”!600”? 
on-chip comps

dichroic earlier 
in the beam 
(Robo-AO?)

small telescope 
piggybacking 

on IRTF

SNR

fainter 
smaller 
more!



Future Directions in High Time Resolution

FOV

60”!600”? 
on-chip comps

dichroic earlier 
in the beam 
(Robo-AO?)

small telescope 
piggybacking 

on IRTF

SNR

EM mode

fainter 
smaller 
more!



Future Directions in High Time Resolution

FOV

60”!600”? 
on-chip comps

dichroic earlier 
in the beam 
(Robo-AO?)

small telescope 
piggybacking 

on IRTF

SNR

EM mode

fainter 
smaller 
more!



Conventional vs. Electron-Multiplying Modes
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