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Abstract

We present fluxes and light curves for a population of asteroids at millimeter wavelengths, detected by the Atacama
Cosmology Telescope (ACT) over 18,000 deg” of the sky using data from 2017 to 2021. We utilize high cadence
maps, which can be used in searching for moving objects such as asteroids and trans-Neptunian Objects, as well as
for studying transients. We detect 170 asteroids with a signal-to-noise of at least 5 in at least one of the ACT
observing bands, which are centered near 90, 150, and 220 GHz. For each asteroid, we compare the ACT measured
flux to predicted fluxes from the near-Earth asteroid thermal model fit to WISE data. We confirm previous results
that detected a deficit of flux at millimeter wavelengths. Moreover, we report a spectral characteristic to this deficit,
such that the flux is relatively lower at 150 and 220 GHz than at 90 GHz. Additionally, we find that the deficit in
flux is greater for S-type asteroids than for C-type.

Unified Astronomy Thesaurus concepts: Asteroids (72); Cosmic microwave background radiation (322);
Millimeter astronomy (1061)

1. Introduction to infrared (IR) wavelengths, which encompass both the reflected
and emitted peaks of asteroid emission. The Wide-field Infrared
Survey Explorer (WISE) has detected hundreds of thousands of
asteroids and measured their key features, including their sizes,
emissivities at IR wavelengths, and temperatures (e.g., Mainzer
et al. 2011; Masiero et al. 2011). These properties give clues
about their material composition, and hence understanding them

The study of asteroids is critical for understanding the
formation history of the solar system (e.g., Michel et al. 2015)
because they compose leftover material from the coalescence of
the solar system. Asteroids have long been studied in the optical
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Viikinkoski et al. 2015). Emission in the millimeter and
submillimeter is thermal in nature and originates from the depth
of the attenuation length (i.e., several millimeter to centimeter) in
the regolith, the unconsolidated surface of the asteroid. On the
other hand, emission in the IR is primarily reflected light and
originates much nearer the surface (Campbell & Ulrichs 1969).

Flux measurements of asteroids made in the submillimeter
and millimeter have consistently found lower emission than
expected from models fitted to IR and optical data (Johnston
et al. 1982; Webster et al. 1988). Historically, the reduced flux
at these wavelengths has been interpreted as a drop in effective
emissivity due to scattering of photons as they pass through the
regolith (Redman et al. 1992). However, there is a growing
body of evidence that the reduced flux actually arises from
significantly lower temperatures than expected within the
regolith compared to its surface (Keihm et al. 2013).

Progress on resolving this issue has been hindered by the
lack of systematic surveys of asteroids in the millimeter and
submillimeter. The field has long relied on targeted observa-
tions of asteroids, which require significant observatory
resources (see, e.g., Chamberlain et al. 2007b; Miiller &
Barnes 2007). Cosmic microwave background (CMB) experi-
ments, which survey wide areas of the sky in the millimeter,
offer the promise of large and well-calibrated catalogs of
asteroids. Observations of asteroids with survey instruments
have the advantage that they are “free”—only an analysis is
required to extract their fluxes from existing data and no new
observations are required. This is of great advantage in
systematizing the study of asteroids in the millimeter and
submillimeter.

Recently, the South Pole Telescope (SPT; Carlstrom et al.
2011) team reported flux measurements for a trio of main-belt
asteroids (Chichura et al. 2022). For two of the three asteroids
they detected, the flux measurements were consistent with
predictions derived from WISE observations of unitary
emissivity; for the third, the measured emissivity was
€ =0.64 = 0.11. SPT is located at the South Pole, and as such
relatively few main-belt asteroids pass through its observing
field, and those that do are only observable for a relatively short
period of time. Observations from midlatitude telescopes offer
a better view of the ecliptic and correspondingly have more
potential for asteroid observations.

In this paper, we present an analysis of over 100 asteroids
extracted from observations made by the Atacama Cosmology
Telescope (ACT) between 2017 and 2021 from its location in
Chile. We compare the fluxes measured by ACT to models
calibrated with WISE data. We call the WISE model minus
ACT data the “model difference.” We confirm that, in general,
the model difference is negative, i.e., we observe a millimeter
flux deficit. We study the dependence of the model difference
on wavelength and asteroid class in a manner that has not
previously been possible due to the relative scarcity of targeted
observations.

Data products from this paper, including normalized asteroid
fluxes and phase curves, will be made available publicly. A
companion paper is being prepared that will describe that data
release and include instructions on how to utilize it.

This paper is structured as follows. In Section 2, we provide
an overview of the ACT telescope, the WISE data set, and the
data processing pipeline used to perform our analysis. In
Section 3, we summarize the analysis used to investigate the
model difference, as well as to create light and phase curves. In
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Section 4, we present the results of that analysis. In Section 5,
we interpret these results with a particular view toward what
they may mean for the regolith composition of asteroids.
Finally, in Section 6, we summarize and consider the
opportunities presented by upcoming experiments to expand
on this work.

2. Data
2.1. The Atacama Cosmology Telescope

The Atacama Cosmology Telescope (ACT) was a 6 m off-
axis Gregorian telescope located in the Atacama Desert in
Chile (Fowler et al. 2007; Thornton et al. 2016) that was
primarily used to make survey observations of the CMB from
2007 to 2022. ACT had three generations of receivers, most
recently the Advanced ACTpol receiver (AdvACT, Henderson
et al. 2016; Ho et al. 2017; Choi et al. 2020). ACT observed the
sky in six bands, f030, f040, f090, f150, and 220, and 280 (Li
et al. 2021). Of these, only the data from f090, f150, and 220
are used in this analysis. These bands are centered at
approximately 90, 150, and 224 GHz, respectively, corresp-
onding to diffraction-limited resolutions of 2/0, 1/4, and 1/0.

2.2. Depth-1 Maps

ACT observed the sky by scanning back and forth at
constant elevation, allowing the sky to pass through the
observation track. Depth-1 maps are a single observation deep,
in the sense that a given decl. in the map only passes through
the array of detectors once. They have the useful property that
each pixel can be time-stamped with an accuracy of the time it
takes a sky coordinate to drift through a detector array around 4
minutes. Since the asteroids do not move significantly on that
timescale, we can accurately stack (Section 3.1) and phase-fold
(Section 3.4) the asteroid maps. Depth-1 maps are made using
the same maximum-likelihood framework as the normal ACT
sky maps (see Diinner et al. 2013; Naess et al. 2020, and Aiola
et al. 2020), except that the conjugate gradient iteration used to
invert the map-making equation is cut short, after 100 steps
instead of 600, because the slower-converging large angular
scales are irrelevant for the point-like objects that make up
ACT’s time-variable sky (point sources generally converge
after 10 steps, e.g., Marsden et al. 2014). As with the normal
maps, each frequency of each of ACT’s dichroic detector arrays
is mapped separately, resulting in a total of 29,175 depth-1
maps used in this work. All depth-1 maps were considered in
this paper, although since not every depth-1 map contains an
asteroid not all of them are actually used in the analysis. These
depth-1 maps are part of the ACT data release 6 (DR6), and the
exact depth-1 map-making procedure will be detailed in the
upcoming DR6 paper. These maps will be of great use
generally in searching for transient objects in the millimeter
(e.g., Li et al. 2023) as well as characterizing the variability of
bright sources.

Two normalizations have been applied to the resultant
fluxes, both of which are standard for ACT analyses. First,
there is a normalization of point sources fluxes to Planck, as
outlined in Aiola et al. (2020). While the 220 normalization is
not yet public it has been computed in the same way as Aiola
et al. (2020). Second, we apply an effective bandcenter
normalization that accounts for the varying effect of the
bandpass with the spectral shape of the source being
considered. These are also not yet publicly available for
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Figure 1. Summary of the data analysis pipeline used in this paper. Starting from the ACT time-ordered-data, we first construct depth-1 maps as described in
Section 2.2. We then use the JPL Horizons Query service provided by astroquery to obtain asteroid positions as a function of time, and then extract stamps from each
depth-1 map at the location of each asteroid within it. For a given asteroid, we then stack the stamps, normalizing for the observational geometry and distance, as
detailed in Section 3.1. Next, for each asteroid observed with high signal-to-noise by ACT, we use WISE IR observations of that asteroid, in combination with the
ATM software package, to compute predictions from IR data for the flux at ACT’s observing frequencies (Section 3.2). The differences between these predictions and

the observed fluxes constitute the model difference. The model differences for (4) Vesta are shown in Figure 3.

DR6, but will be made public with M. Hasselfield (2024,
preparation). While these specific effective band centers are not
yet public, the methodology is a refinement of Swetz et al.
(2011) and Thornton et al. (2016), which are in turn based on
Page et al. (2003).

2.3. WISE

The most up-to-date IR measurements of asteroid fluxes
come from the WISE satellite (Wright et al. 2010), and were
analyzed by the Near-Earth Object WISE (NEOWISE) group
(Mainzer et al. 2011). WISE observed the whole sky in four IR
bands centered at 3.4, 4.6, 12, and 22 pm, with 5o point source
sensitivities of 0.08, 0.11, 1, and 6 mly, respectively. We use
the preliminary results from Mainzer et al. (2011); the IR
sensitivity relative to the asteroid flux is much higher than the
same in the millimeter, thus the preliminary release is sufficient
for our purposes. These observations can be used to estimate
the asteroid size, subsolar temperature (which is the temper-
ature at the hottest point of the asteroid), and emissivity. There
are a number of models for asteroid fluxes (see e.g., Mommert
et al. 2018, for an overview), the most common of which is the
near-Earth-asteroid thermal model (NEATM; Harris 1998).
This model is used by the NEOWISE team and it can be used
to generate predictions for the asteroid fluxes at the ACT
frequencies.

3. Methods

To compute our measured flux, we first extract small maps
centered on a given asteroid from the depth-1 maps, which we
refer to as stamps. We then stack those stamps to obtain the
asteroid flux. We also use WISE data in combination with the
Asteroid Thermal Modeling software package (ATM; Moeyens
et al. 2020) to make predictions for the asteroid flux at the ACT
observing frequencies. We then compare the observations to
the predictions. The details of this workflow are given in
Section 3.1, and a pictorial summary is shown in Figure 1.

3.1. ACT Stacking

We measure the flux of individual asteroids using a stacking
method. For each asteroid, we consider each matched-filtered
depth-1 map that contains the asteroid. We localize the asteroid
within the map at the time of observation using the JPL
Horizons service,”® accessed using astroquery (Ginsburg et al.
2019). We take a 20" x 20’ square stamp with 0.5’ resolution
centered at that position and tangent to the plane of the sky
using the Pixell software suite.”’ The asteroids are point
sources in our maps;”’ however, using larger stamps helps us
filter out stamps with undesirable properties, e.g., those where
the asteroid is near the edge of the map. To maximize the
signal-to-noise ratio (S/N), we apply a matched-filter to the
depth-1 maps before cutting out and stacking the stamps. The
filter removes both the large scales dominated by atmospheric
noise and scales smaller than the beam. Given a sky map m
with noise covariance N and beam matrix B, we form the
matched-filter flux map f as f= p/k, with p=B"N"'m and
k=diag(B'N"'B). The associated flux uncertainty map is
1/E. These are part of the standard ACT DR6 depth-1 release
and are described in more detail in the upcoming ACT DR6
map paper. Our estimate for the asteroid’s flux F' in a single
depth-1 map is simply f evaluated at the asteroid’s location.

The observed flux of an asteroid varies from depth-1 map to
depth-1 map due to the distance between the asteroid and
earth/Sun, and also due to the changing observing angle.
Removing this effect allows us to compare or combine
measurements at different observing geometries; we call this
removal normalizing. We normalize the observed flux by the
expected flux in the Rayleigh-Jeans limit of the standard

28 hitps: / /ssd.jpl.nasa.gov /horizons/

2 hitps: //github.com/simonsobs/pixell

30 The largest asteroids are ~1000 km in diameter, with closest approach of
~1 au, yielding an angular size <0.01’, much lower than our resolution.
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thermal model (STM) (Lebofsky et al. 1986)

dea i -2 d i —1/2
E’ _ FO( rth, ) ( > ) 10—0.004@,-
1au 1 au

= FyW, (D

where deyn,; and dsy, ; are the Earth and Sun centered distance,
and q; is the Sun-asteroid-Earth phase angle in degrees, all at
the time of the observation of stamp i. Here, F; is the observed
asteroid flux and F, is the normalized asteroid flux, evaluated at
dearth = dsun = 1 au. We use the STM to normalize the fluxes
because it has a known closed form, and the geometrical
scalings of the STM are the same as the NEATM. We then
form the maximum-likelihood stacked flux estimate (Fgck 0)
from the normalized stamps (Fgamp,;) as;

Fslack,O = (WTN?IW)ileNi 1Fslamp,i

= (Z vv,-zv,ﬂ&mp,,-) / (Z W,-ZN,-H) 2

for N the noise covariance matrix and W the same as
Equation (1). Measuring the flux at the center of Fypqo at
the center pixel of the stack gives us a maximum-likelihood
estimate of the normalized flux. This flux can then be scaled by
a particular Earth-asteroid distance, Sun-asteroid distance, and
Sun-asteroid-Earth phase angle using Equation (1) to compare
with WISE observations (see Section 2.3). Since the instrument
beam is not yet well characterized for the daytime data, we only
use nighttime data, specifically data from observations between
11pm and 1lam coordinated universal time.

As a consistency check for this method, we use the same
pipeline to create flux maps for Uranus and compared them to
dedicated scans of Uranus which are used for ACT calibration
(Hajian et al. 2011; Hasselfield et al. 2013). Additionally, we
computed the fractional difference in flux between arrays at the
same frequency for all asteroids. We then combined this
fractional difference in an inverse-variance weighted sense to
get an average fraction difference between arrays at the same
frequency. In both cases, the observed discrepancy is <1%
between various arrays at the same frequency. This is
consistent with the precision of the overall ACT calibration
relative to Planck, which is of order 1% (Aiola et al. 2020) at
f090 and f150, and 1.4% at {220. This discrepancy is also
consistent with dedicated scans of Uranus (Hajian et al. 2011;
Diinner et al. 2013; Hasselfield et al. 2013). As a final
consistency check, we compare the flux values from stamps of
Uranus to estimates of its flux made directly from time-ordered-
data; these agree within uncertainties.

In addition to the uncertainty in the calibration to Planck,
there is an uncertainty in the beam size due to the effective
frequency of observation; this effect is also of order 1% (see
Marsden et al. 2014). We combine these effects and add a 1.4%
systematic uncertainty term to the final flux at f090 and {150,
and 1.8% at £220. This systematic term is subdominant to the
statistical one for all but four asteroids.

A summary plot for the asteroid (4) Vesta is shown in
Figure 2. It includes stacked flux maps as described in this
section, as well as a light curve (Section 3.3).
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3.2. ATM Predictions

We use the ATM package, which is an open-source software
which fits NEATM models to WISE data. The ATM package
accurately reproduces the NEOWISE results, and also includes
all the WISE data that are required to compare with ACT
measured fluxes. The ATM package includes notebooks for
fitting NEATM models to WISE data. Within these there are a
number of prescriptions for treating the emissivities in the
various WISE bands (see Moeyens et al. 2020, Chapter 3 for
details of these prescriptions). We used the NEOWISE model,
wherein the albedo is a free parameter, for comparison with ACT
fluxes. When comparing our measured millimeter fluxes to the
predictions from ATM, we scale the millimeter fluxes to the
orbital configuration at the time of WISE observations using
Equation (1). Each WISE observation of an asteroid typically
includes ~4—6 individual exposures, which are spaced much less
than a day apart. We evaluate Equation (1) at the median time of
each observation. The correction for the differing observation
times is much less than 1% and so it is not included in our
analysis. An example comparison of ATM/WISE predictions
and ACT observations is shown in Figure 3.

3.3. Light Curves

To generate the light curves, we use the stamps described at
the beginning of Section 3.1. Instead of stacking them, we take
the flux value from the center of each stamp and arrange them
according to the time of observation of each stamp. We also use
fluxes from the NEATM model, scaling each model flux based
on the Earth and Sun centered distance and Sun-asteroid-Earth
phase angle according to Equation (1). There is an associated
error for each flux in the stamps, which we use to generate the
flux error bars. Figure 2 provides an example light curve for (4)
Vesta along with the NEATM scaled flux. The modulation in
this light curve is apparent across all frequency bands and is a
consequence of the change in observational geometry and
distance.

3.4. Phase Curves

Phase curves are light curves that we fold in time by some
frequency in order to detect periodic behavior in the asteroid
flux. Specifically, we generate phase curves from the light curves
to provide information about flux variations as a function of the
asteroid sub-Earth longitude, i.e., the line of longitude which
intersects a line drawn from the center of the asteroid to the
center of the Earth (see e.g., Chamberlain et al. 2007b). We refer
to this as the phase of the asteroid. Figure 4 shows the relevant
geometry. From the figure, the Sun-Asteroid-Earth signed
interior angle, a, plus the difference between the observed phase,
¥, and the rotational phase, U, plus the asteroid 1ongitude31 da
must be 7. Rearranging, in radians we have;

UV=U—a—¢,+7 3)

Computing ¥, requires the rotational period of the asteroid,
while computing « and ¢4 requires the asteroid ephemerides,
both of which we acquire from the Small-Body Database.*>
There is one small correction to Equation (3); the finite light

31 Note this is not the ecliptic longitude but the longitude relative to some
reference time at which ¥, = 0. We have chosen this time to be midnight on
1970 January 1.

32 https://ssd-api.jpl.nasa.gov /doc /sbdb.html
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Figure 2. Top: Stacked matched-filtered depth-1 maps of (4) Vesta showing the net flux at f090 (left), 150 (center), and £220 (right). The procedure for making these
maps is described in Section 3.1. The map center is indicated by a black cross, while the beam full-width half-max at each frequency (270, 1’4, and 170 at f090, 150,
and £220) is indicated by a green circle. Note the faint blue ring surrounding (4) Vesta at each frequency; this is ringing from the matched-filter used in the construction
of the stamps (Section 2.2). For this plot, we combined data across arrays using a pixel-by-pixel inverse-variance weight. This is not how we combined arrays in our
analysis (Section 3.1), and is not an accurate method of capturing the noise properties of the maps. These images are for illustration only and were not used in scientific
analysis. In our analysis, we do not combine maps across arrays. We instead only combined the central flux estimates in an inverse-variance way, including the 1%
bias discussed in Section 3.1. Bottom: Light curve for (4) Vesta, generated as described in Section 3.3. The three colored dashed lines with shading represent the
average (with 95% uncertainty) expected flux at each frequency based on WISE observations (Section 3.2), scaled according to Equation (1). The data lie below the
WISE model line, indicating that there is a deficit of millimeter flux. To show that the modeling scheme specified by Equation (2) is likely correct, we fitted the data at
each frequency to the model curve times an overall amplitude, indicated by the dashed—dotted line. The data points cluster around these best fit curves, indicating that
our intrinsic relative flux modeling is likely correct. This fit amplitude can be compared to the ratio of the amplitude of the stacked maps to the WISE expected fluxes
as an internal consistency check. They are in excellent agreement for all frequencies.

In addition to phase folding the light curves, we also plot the
normalized flux and a best fit sinusoidal function for the phase
curves. Our curve fit is a function of phase p and is defined as
follows:

F(p) = Aisin(4np + ¢ + A sinQap + ¢,) + 6

travel time means that the phase at the time of observation is not
the phase at the time the light was emitted from the asteroid. The
Earth-Asteroid distance can change by several light-minutes, and
this induces a non-negligible wobble in the phase. Since the light
travel time is known, we subtract the light travel time from the
time of observation. We then compute ¥, modulo 27 and divide
by 27 to obtain the dimensionless phase p.

3)

where we fit for the amplitudes A; and A,, phase factors ¢; and

To combine S/N across multiple arrays and frequencies, we
fit the relative flux. For each observation i, we normalize the
observed flux F; from Equation (1) by multiplying by the
appropriate factor to account for the observational distance and
geometry (i.e., the weighted flux, Equation (1)), and then divide
by the average of the weighted flux at that frequency and
array:

W)

> EW| /N
N

“)

E,norm =

¢», and offset 6. Since we do not resolve the asteroids, we
expect the primary modulation of the asteroid signal to be the
observational cross section of the asteroid. Viewing the asteroid
from one perspective and 180deg from that perspective
produces the same observational cross section. Therefore, the
phase curve frequency is twice the frequency of rotation; this is
the A; term. We include the additional A, term to account for
any potential modulation due to surface variations, such as low

emissivity patches on the asteroid surface.
We use the MCMC implementation from emcee
(Foreman-Mackey et al. 2013) to fit Equation (5) to the data
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Figure 3. Spectral energy distribution (SED) for the NEOWISE NEATM
models as computed by ATM for the asteroid (4) Vesta, fitted to observations
in all four WISE bands (four left-most points). The SED has been scaled by the
wavelength to the fourth power, so that blackbody regions are easy to
distinguish as flat lines. The ACT data from stacking (Section 3.1) are the right-
most points, with each array plotted separately. They are not included in the fit.
The zoom shows the ACT deficit, i.e., that the ACT points lie bellow the blue
line at all frequencies. The millimeter ACT fluxes are significantly deficient
compared to the NEATM predictions (6.8 and 10.40 at f150 and {220,
respectively). Moreover, the deficiency is larger at shorter wavelengths. This
pattern is consistent across our observations, as detailed in Section 4.1.

with flat and uninformative priors on all parameters.”> We
restricted our analysis to the 40 highest S/N asteroids.

To determine the validity of the fits, we compared them to a
pure constant fit using an F-test. An F-test can be used to
compare nested models (Allen 1997), where one model is a
proper subset of the other. This allows us to compare the two
sine fit to the constant fit. To perform the F-test, we construct
the F-statistic:

A2/ ADoF

F=_2X/2707
Xiested/ DOEwsled

(6)

for Ax? and ADOF the change in x? and degrees of freedom
between the nested and base model, and Xﬁem 4 and DoF geq
the x* and degrees of freedom of the nested model. The
F-statistic can then be converted into a p-value by using the
F-distribution with appropriate number of degrees of freedom,
which we then convert into a o value for convenience. Of our
40 asteroids, we detect variation in the phase curve of the form
given by Equation (5) at >5¢ for two of them, (6) Hebe and
(15) Eunomia.

Aside from variation of the form given by Equation (5), we
consider how well a given phase curve is described by a
constant fit. To do so, we fit the phase curves to a constant
value in the same manner as for the sine fits. Following Andrae
et al. (2010), we compare the resulting normalized residuals to
a Gaussian distribution using the one-sided Kolmogorov—
Smirnov (KS) test. The same test was performed with the
normalized residuals of the binned data.

4. Results

4.1. Model Difference: Deficit

We applied the method outlined in Section 3 to 1200 of the
expected brightest asteroids. Of those 1200 asteroids, we detect
170 at 50 in the stack in at least one band, meaning that
Fireq / Ofreq > 5 for one of the three frequency bands. Similarly,

33 Specifically, |4,], |A2], |C] < 10 and —2 < ¢y, ¢ < 2.
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Orbit of Earth
------------- Orbit of Asteroid

Figure 4. Schematic figure showing the angular relations between the Sun,
Earth, and asteroid used to compute the asteroid phase. The faint vertical line
represents the reference direction at #, at which time ¥, = 0, which was chosen
to be 1970 January 1. The Sun-Earth distance r, and Sun-Asteroid distance r,,
and Sun-Asteroid-Earth interior angle « are all computable from the
ephemerides of the asteroid and Earth. Figure is not to scale.

we detect 70 asteroids at 50 in all bands. We detect 222
asteroids at 5o when combining the detection significance
across all three ACT bands. By this we mean combining the
detection significance in each band in an inverse-variance
manner. Using our entire catalog for which there are WISE
data, we compared the measured flux at each frequency to the
predictions from the model fit to WISE data (Section 3.2); this
is the model difference. When the model difference is positive,
we refer to it as an excess; when it is negative, a deficit. Here
and throughout, the term larger is always used in an absolute
sense, i.e., further from 0. We found a consistent deficit at each
frequency, with the deficit increasing with frequency. We
considered the deficit for asteroids with WISE modeling with
S/N>5 (177 asteroids) at the relevant frequency band,
combining deficits via inverse-variance weighting. Defining
the relative model difference to be:

AFy = (Fooact — Foo,wise)/ Foo,wise @)

we find the average relative model difference to be
(—4.0+£0.6£1.4)% at f090, (—23.7+0.4+1.4)% at 150,
and (—21.6 £ 0.9 % 1.8)% at 220, where the first uncertainty is
1o statistical and the second is the 1.4 or 1.8% systematic gain
uncertainty.** This spectral dependence of the deficit is
systematic in the sense that individual asteroids tend to have
a larger deficit at {220 than at f090 (see Figure 5). For asteroids
with S/N > 3 in each ACT frequency band, 88 out of 102 have
AF()gO > AFZZO’ and 98 out of 102 have AF090 > AF15Q.
Relatedly, 16 such asteroids have AFg9g > AF550 at 20 and 6
have so at 30. Only one asteroid with S/N >3 has
AF()()() < AF150 or AF()QO < AF220 at the lo level, (63)
Ausonia. Even in this case, only AFyg> AFyy and not
AFs0.

34 The deficit can be interpreted as an effective emissivity. However, due to the
non-thermal distortion in the emission evidenced by the difference in deficit at
various wavelengths, we do not do so in this paper.
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Figure 5. ACT measured asteroid fluxes vs. their WISE modeled counterparts
for asteroids with S/N > 3 at £220 and f090. Points to the left of x = 0 have a
deficit at f090 relative to the WISE predictions, and those that are below y = 0
have a deficit at £220. Points with S/N > 5 are in bold. The dashed line shows
AFgy = AF,, indicating an equal deficit at f090 and £220.88 out of 102
asteroids with S/N > 3 at £220 and f090 have a larger relative deficit at £220
than at f090, equivalent to lying in the lower right half of this plot.

4.2. Model Difference: Excess

Although the majority of the asteroids’ model differences are
<0, a small number have statistically significant (S/N >3)
excess emission. Three asteroids ((511) Davida, (423) Diotima,
and (611) Valeria) have excess emission at f090, and,
moreover, (423) Diotima has 2.5¢0 excess at f150 and £220.

We inspected the light curves and individual stamps for each
of these asteroids, as well as the ATM fits, to check for
astrophysical interlopers or artifacts of filtering or map-making.
In the case of (611) Valeria, the excess at f090 was found to be
due to a single exposure where the asteroid was lying in the
extended emission of a very bright point source. We instituted a
check for this sort of scenario to all stamps, and the excess flux
at f090 of (611) Valeria disappeared.

In the case of the other asteroids, we found nothing out of the
ordinary. In the context of the full sample we found that (511)
Davida has 30 excess flux in one frequency band, which is
consistent with the statistical expectation. A 3o outlier is about
1-in-300, and we have about 200 asteroids with 3¢ significant
fluxes in any frequency band. (423) Diotima, on the other hand,
is hard to accept as statistical coincidence. The light curves,
individual stamps, and ATM fits for (423) Diotima all look
normal, and the excess is statistically significant in each band;
3.60 at f090, 2.90 at f150 and 2.80 at f220. Moreover, the
fluxes follow the same behavior observed in other asteroids,
wherein the flux at f090 (130% =+ 40% excess) is higher than at
f150 (45% £ 16%) or 220 (70% =+ 20%). Notably, (423)
Diotima, a C-type asteroid (see Section 5.3), has very low
albedo (Masiero et al. 2011).

4.3. Model Difference by Class

Under the assumption that the measured model differences
are due to the composition of the regolith, we considered them
as a function of asteroid class using the Tholen classification
scheme (Tholen 1984), which differentiates asteroids into 14
types based on their spectra and albedo. By far the most
common types of asteroids are C-types, which are dark and
carbonaceous, and S-types, which tend to be more silicaceous.

Orlowski-Scherer et al.

Table 1
Relative Model Difference for various Asteroid Classes
Class (#) 90 AF 90 Y% AF 50 %A Fasg
All (177) —4+2 —24+£2 —22+3
C (63) 0£3 —20+£2 —23+3
S (20) —19+4 —40+£2 —34+3
M 4) —21+£22 —22+ 10 —15+ 14
X (8) 30 £+ 21 —11+£10 6+ 16
P ) —10£9 —32+4 —24+6

Note. Note that in all bands the S-type asteroids have a larger deficit than the
C-type asteroids. The M- and P-type asteroids also have generally large deficits
while X-types are low deficit, although the low number of asteroids detected in
each of these classes makes it difficult to say for certain. Note that both (511)
Davida and (423) Diotima are C-type asteroids with high S/N; these two alone
contribute significantly to the relatively low deficit at 90 GHz for this class of
asteroids. The number of asteroids with total S/N > 5¢ in each class is given in
parentheses. The “All” row is all asteroids with total S/N > 50 when
combining across all bands, and includes the 1% systematic error, as the
statistical error is <1%.

We used the Small-Body Database to obtain Tholen types for
the asteroids detected by ACT. For the purposes of this section,
we restricted our analysis to asteroids with unambiguous
Tholen classifications, total S/N >5 across all bands, and
WISE data. This results in 60 C-type asteroids and 20 S-type
asteroids. We also detected eight X-type, nine P-type and four
M-type asteroids. The P- and M-type asteroids are defined by
their optically reddish spectra (Tholen 1984), and are
distinguished from one another by their albedos, with P-types
being of low albedo and M-types of moderate albedo. The
X-type asteroids have the reddish spectra characteristic of
M- and P-types, but do not have albedo measurements. For
each class of asteroid, we computed the inverse-variance
weighted average model difference at each of f090, f150, and
f220. These are summarized in Table 1. We also show plots of
the distributions of model differences in Figure 6.

4.4. Phase Curves

We detect phase variation of the form given by Equation (5)
for two asteroids at S/N greater than 50 as determined by an
F-test. Those asteroids are (15) Eunomia (8.10) and (6) Hebe
(7.50). The best fit parameters for (15) Eunomia are
Al = 0147008 6, = 0257012 Ay = 004708 ¢, = 1.603,
and 6 = 0.89f8j8§. For (6) Hebe, the best fit parameters are
Al = 00908, ¢, = 08103, A = 0.1070%8, ¢, = 04797,
and § = 0.9470%. Those models are shown in Figure 7.

Of the asteroids for which we did not detect sinusoidal phase
modulation, three showed statistically significant variation
from constant flux. For (4) Vesta, we reject the null hypothesis
of constant flux with phase at 5.3(3.8)c for the binned and
unbinned data, for (7) Iris we reject it at 4.5(3.5)0, and for
(511) Davida we reject it at 3.3(4.0)o. For these asteroids, the
phase curves show variation in a more complicated manner
than the simple sinusoidal variation given by Equation (5). For
reference, the phase curve for (4) Vesta is shown in Figure 8.

5. Discussion

5.1. Asteroid Fluxes

On the whole, our observations of asteroids with ACT
confirm previous findings of a flux deficit in the millimeter
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Figure 6. Plots showing the inverse-variance weighted average and population distribution of the model difference (Equation (7)) at f090 (left-hand panel), 150
(middle panel), and 220 (right-hand panel) for various asteroid classes. The inverse-variance weighted mean and 1o error on the mean are shown in black, while the
colored violin-plots show the approximate unweighted population distribution. All asteroids in this plot have unambiguous types from the Small-Body Database and
have a total S/N >5 combining all frequencies. Note that the deficit for C-type asteroids is systematically smaller than for S-type asteroids, indicating that their
composition is impacting the millimeter flux of those asteroids as compared to their IR flux.
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Figure 7. Phase curves for (15) Eunomia and (6) Hebe, the two asteroids for
which we make a tentative detection of phase variation. The orange line
indicates the best fit of the two sine model from Equation (5). The green bands
indicate the individual observations, while the blue points are the inverse-
variance weighted binning of those green points into 20 evenly spaced bins.
The models are fitted to the individual data points; the binned points have been
plotted to guide the eye. One data binned data point for (6) Hebe has been
omitted because it only contained one individual data point.

(Johnston et al. 1982; Webster et al. 1988). Our f090 deficit of
—4.0% +0.6% + 1.4% is less than the deficits found by other
works, which tend toward —25% (Johnston et al. 1982; Webster
et al. 1988). On the other hand, our f150 (—23.7% + 0.4% + 1.4%)

1.4
v
>
©
912
4
=
© ‘ t
Q
< |
% 1.0 ¥ 1 + 0 ¥ . ] il ] ¥
= A )
E L " ¥ L i
N |
© ‘ L]
£ 0.8
S
=z

0.6

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Phase

Figure 8. Phase curve for (4) Vesta, one of the three asteroids whose phase
curve is statistically inconsistent with constant flux and which is not well
described by sinusoidal variation of the form given by Equation (5). The green
lines are the individual data points while the blue points are inverse-variance
weighted bins of the green points. The black line is the best fit constant to the
green data point. It is statistically inconsistent with the green data at 3.8 and
with the blue binned data at 5.30.

and 220 deficits (—21.6% + 0.9% + 1.8%) are in line with the
literature. Since the deficits we quote are averaged across all
asteroids, we do not necessarily expect them to exactly agree with
observations of any one individual asteroid. Furthermore, the
decrease in flux with decreasing wavelength suggests that the
material properties of the regolith change with depth, as has been
suggested by, e.g., Keihm et al. (2013). However it is not possible to
determine which material property, the emissivity or the temper-
ature, changes without joint modeling of the ACT and WISE fluxes.
We are currently working on extending the ATM software package
to do so, and plan to present them in a future paper. Note that we
observe the relative deficit to be decreasing with wavelength.
Because longer wavelengths probe deeper into the regolith, this
would require either the emissivity or the temperature to be
increasing with depth. In general, one would instead expect the
temperature to drop with increasing depth into the regolith;
however, without full joint modeling we cannot rule out emissivity
variations as a source of the millimeter flux deficit. It may be that
both variations in emissivity and temperature are involved in
producing the deficit. Finally, it is somewhat counter-intuitive that
the deficits are decreasing with wavelength; the shorter wavelength
(f150/£220) observations do not probe the regolith as deeply as the
f090 observations, and they are closer in frequency to the WISE
observations to which the ATM was fit. On both counts one would
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Table 2
Comparison of ACT Effective Emissitivy Measurements to SPT Effective Emissivity Measurements for the three Asteroids Significantly Detected by SPT
Asteroid ACT 090 SPT 95 GHz ACT f150 SPT 150 GHz
(324) Bamberga 1.0+02 1.4+£03 0.80 £0.10 1.1+£0.1
(13) Egeria 0.79 £ 0.14 0.71 &+ 0.06 0.90 £+ 0.09
(22) Kalliope 0.27 £ 0.27 <0.47 0.68 +£0.12 0.66 £+ 0.11
Note. The results are statistically consistent.
expect this to make the short wavelength observations more similar Table 3
to the IR, but the opposite is observed. Comparison of ACT Flux Measurements to Kitt Peak Observations of (1)
Ceres
5.2. Asteroid Flux Comparisons Frequency (GHz) Tgnact (K) T nxp (K)
Given the large number of asteroids ACT detected, it is 90 190 + 10 170 20
220 1579+ 1.5 156 £25

possible to directly compare our flux measurements with
previous studies.

5.2.1. SPT

We directly compare our observations of (324) Bamberga,
(13) Egeria, and (22) Kalliope to those made by SPT in
Chichura et al. (2022), specifically to the effective emissivity
listed in Table 1 of that paper. We present the comparison in
Table 2. The ACT f090/f150 bands are slightly different than
the SPT 95 and 150 GHz channels. While this difference is
small, we compare the effective emissivities, not the fluxes,
which should be less sensitive to band differences. There
resulting difference in the effective emissivities due to the
differing band centers between ACT and SPT is relatively
small, particularly in comparison to the uncertainties on
the SPT results. In general these two works agree, with none
of the asteroids showing a statistically significant difference
in effective emissivity between the two studies. There
is a tendency for the ACT measurements to have lower flux
than the SPT measurements, but it is not statistically
significant.

5.2.2. Kitt Peak Antenna—(1) Ceres

Webster et al. (1988) used the Kitt Peak Antenna to make a
number of observations of (1) Ceres at 89.5 and 227 GHz
(Webster et al. 1988). Due to the differences in observing
frequency, we use the prescription for converting to brightness
temperature35 used in Webster et al. (1988), which is described
in Johnston et al. (1982). Our results, summarized in Table 3,
are in good agreement, given the large uncertainties on the
Webster et al. (1988) results. Note that our f090 brightness
temperature is significantly higher than that at f220; this is
simply another way of stating that the relative deficit at £220 is
higher than at f090.

5.2.3. ATCA—(4) Vesta and (9) Metis

Miiller & Barnes (2007) made observations of the asteroids
(4) Vesta and (9) Metis using the Australia Telescope Compact
Array (ATCA) at 93 and 95.5 GHz. They included the time of
observations, and so we were able to convert our flux
measurements to their observing geometry and distance. We
used the median time of observation to compute observing

35 The brightness temperature is the temperature a blackbody would have to be
to produce the observed flux at the observing frequency, and cannot be directly
compared to the subsolar temperatures that are estimated by the ATM fit.

Note. The brightness temperature is computed following Equation (3) in
Johnston et al. (1982). We improve the uncertainty by about a factor of 2 at
90 GHz and about an order of magnitude at 220 GHz.

Table 4
Comparison of ACT Flux Measurements to ATCA Observations of (4) Vesta
and (9) Metis

Asteroid Facr Fatca Fatca

90 GHz (mly) 93 GHz (mly) 95.5 GHz (mlJy)
(4) Vesta 172 +9 1473 +£3.8 1475 £ 4.8
(9) Metis 40 £3 324+ 1.1 346+ 1.2

Note. We have used the median time of observation for ATCA to account for
the observational geometry and distance. The units on all fluxes are mJy. In
general, the ACT fluxes are somewhat higher, although the difference is not
statistically significant.

geometry and distance. The results change by <0.5% when
using the two extremal times. Their observing frequencies are
slightly different than ACT’s, but from their work the
difference in flux between 93 and 95.5GHz flux was
0.2 mly, far less than the uncertainty of those measurements,
so that comparisons to ACT are reasonable. These comparisons
are given in Table 4. We find a somewhat higher flux for (4)
Vesta, by ~20. Moreover, we confirm their “tentative” result
that the effective emissivity of (4) Vesta increases with
wavelength. We find the effective emissivity to be 0.94 £+
0.01 at f090, 0.75 +0.01 at f150, and 0.70 +0.01 at £220,
where we have combined the statistical uncertainty and 1%
systematic bias. Our effective emissivity is significantly higher
than that found in Miiller & Barnes (2007), despite our
measured fluxes being statistically consistent. This is due to
differences in our modeled emission from (4) Vesta. Miiller &
Barnes (2007) undertook a much more detailed modeling of the
expected thermal emission from (4) Vesta than we did, and so it
should be considered the more accurate estimate. Note that our
observed increase in relative flux with wavelength could also
be explained by a rapidly rising temperature under the surface.

We also find higher emission at f090 for (9) Metis, although
again this difference is only significant at ~2¢. Unfortunately
we do not have WISE observations of (9) Metis, and so were
unable to generate a NEATM model. As a rough comparison,
we take the f150 fluxes and scale them to f090 and 220 using a
simple * scaling. This results in an expected flux of
28.1+13mJy at f090 as compared to a measured
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40 4+ 3 mJy, and an expected 168 + 14 mJy as compared to a
measured 150 + 10 mJy at £220, suggesting that (9) Metis has a
reddish spectrum. However, due to the lack of a NEATM
model to compare to, this result should be considered tentative.

5.3. Asteroid Fluxes by Class

As shown in Table 1 and Figure 6, the model difference (as
computed in Section 3.2) is larger in S-type asteroids than in
C-type ones. It is possible that this difference in deficits is
caused by the different regolith properties of C-type (mostly
carbon and ice) and S-type (mostly silicacious; Binzel et al.
1989; Bus & Binzel 2002) asteroids. Alternatively, it may be
that the C-type asteroid spectra are better described as gray-
bodies than those of S-type asteroids, so that the ATM
modeling is more accurate for the C-type asteroids. However,
there is good evidence that both types of asteroids are
accurately modeled as graybody (Moeyens et al. 2020).
Finally, comparing the flux model differences at each
frequency, there is evidence that the millimeter spectrum
differs between C- and S-type asteroids (Section 4.3). For each
asteroid, we compute

AFy9-150 = %AFyog — %AFs50
AFis0-220 = %AFi50 — %AFxg

We then compute the average and standard deviations of
these statistics over C- and S-type asteroids via bootstrapping.
For C-type asteroids, we find AFgoo_150 =31 £ 5A% *°, while
for S-type asteroids, AFgog_150 =19 +4%A%, somewhat
inconsistent. On the other hand, the f150/f220 differences
are consistent, with AF|50.00=—9+3A% for C-type
asteroids and AF 59200 = — 9+ 6A% for S-type. A change
in the spectral shape at millimeter wavelengths suggests at least
a partially physical origin for the difference in C- versus S-type
fluxes. A difference in the spectral shape could also potentially
illuminate the physical mechanism, presumably in the regolith,
sourcing that difference, and hence could indicate differences
in regolith composition between C- and S-type asteroids.
Observations of asteroids at higher frequencies, such as 280 or
350 GHz, could shed further light on this. The upcoming
Simons Observatory (SO; Ade et al. 2019) and Fred Young
Submillimeter Telescope (FYST; CCAT-Prime Collaboration
et al. 2023) will both provide that potential.

Due to the low number of asteroids with high S/N in each
class, we do not interpret the variation in model difference
between M-, P-, and X-type asteroids.

5.4. Phase Curves

(15) Eunomia and (6) Hebe have phase curves that are well
described by sinusoid variation of the form of Equation (5),
with Xfe ¢ = 1.02 and 0.99, respectively. The best fit phase
curve for (15) Eunomia indicates that the variation in emission
is dominated by A, or half period term. Variation due to
modulation of the asteroid cross-sectional area will lead to a
large value for A;, and indeed (15) Eunomia is quite non-
spherical, with ellipticity parameters a/b =1.47, b/c = 1.0 (De
Angelis 1995), where a is the longest semi-axis, b the
intermediate, and ¢ the shortest. On the other hand, for the
more spherical asteroid (6) Hebe (a/b=1.1, b/c=1.2,
Marsset et al. 2017), we find A; ~A,, where A, and A, are

36 Note the statistic here is a difference of percentages and not a percentage
change, i.e., it is percentage points.

10

Orlowski-Scherer et al.

181 80
1.7 4 70
8]
S
L 161 Eunomia 60
o
0 1.5 ! 50
5 3
=4
“6 1.4 1 L 40 Q_)
£ v
S 1.3 'Y ° 30 2
=
< 1.2 <
x 20
2, Hebg °
10
1.0
. : : : . Llo
0 20 40 60 80

Ecliptic Latitude, Geocentric (deg)

Figure 9. Scatter plot of the ecliptic latitude of spin axis vs. maximum
ellipticity for the 40 highest S/N asteroids in our sample. For two asteroids
((554) Peraga and (375) Ursula) we were unable to find shape parameters, and
hence they are omitted. The S/N scale has been restricted to a maximum of 80
to increase the dynamic contrast. (15) Eunomia and (6) Hebe have been
labeled. (15) Eunomia is a noticeable outlier, while (6) Hebe lies nearer to the
center of the population.

the double and single frequency terms as defined in
Equation (5).

While we do detect phase variation for two asteroids in our
sample, it is notable that we do not detect variation for other
higher S/N asteroids. While in general the S/N of phase curves
increases with the S/N of the asteroid, the asteroid S/N is not
the only determining factor. First, as discussed above, the
variation in asteroid cross-sectional area, and hence the asteroid
shape, drives the A, variation term. This term is dominant in the
phase curves of most asteroids (although not all, see e.g.,
Chamberlain et al. 2007a), so that variation is difficult to detect
for highly spherical asteroids, even if they are high S/N.
Second, the orientation of the rotational axis can suppress
phase variation. As an extreme example, when the spin axis of
an asteroid is pointed toward Earth, we observe no phase
variation. In general, asteroids with highly inclined rotations
will have their phase variation suppressed at some periods in
their orbit. Finally, while sine functions do approximate the
phase variation due to cross-sectional area, they do not
necessarily describe all phase curves well. Surface features
can easily cause other forms of variation, such as a step in
emissivity, which would not be well described by a sine wave.
Prior millimeter observations of (4) Vesta have shown highly
irregular light curves, for example (Miiller & Barnes 2007).

We performed a literature review for our 40 highest S/N
asteroids, finding their shape parameters and spin-pole
alignments. A scatter plot of these parameters, as well as our
S/N, is shown in Figure 9. (15) Eunomia is a noticeable outlier,
with high S/N, high ellipticity, and a spin axis that lies close to
perpendicular to the ecliptic. (6) Hebe, on the other hand, is
above average in S/N and spin-axis orientation, but more
moderate in ellipticity. More extreme objects than (6) Hebe are
not detected. Since we cannot cleanly explain our phase curve
selection, we only tentatively claim detections for (15)
Eunomia and (6) Hebe.

Moreover, three asteroids have phase curves that are neither
well described as constant nor sinusoidal. More in-depth
analysis, perhaps in conjunction with existing observations
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such as Redman et al. (1992), are needed to understand the
origin of this variation.

6. Conclusion

We report flux measurements of asteroids in the millimeter
using ACT. We detect 222 asteroids at 5o significance when
combining significance across all three ACT bands, 170
asteroids at 5o significance in at least one band, and 70
asteroids at 5o significance in all bands. We confirm a deficit in
millimeter flux as compared to expectations from IR measure-
ments of those asteroids. Moreover, we detect a statistically
significant spectral shape in the deficits, wherein the flux
deficits are systematically larger at 150 and 220 than at f090.
This suggests a more complicated source for the flux deficit
than a simple change in effective emissivity with respect to the
IR effective emissivity. However, we cannot determine the
source conclusively without joint modeling of the IR and
millimeter fluxes.

Additionally, the relative millimeter flux as compared to
WISE expectations is higher for C-type asteroids than for
S-type. The spectrum of relative flux is also different between
C- and S-type asteroids, with S-type asteroids having a flat
spectrum between 150 and 220, while that of C-type asteroids
falls in the same range. Both of these observations suggest
compositional differences in the regoliths of C- versus S-type
asteroids. Although Planck measured Zodiacal emission from
families of asteroids (Planck Collaboration et al. 2014), this is
the first systematic study of asteroid fluxes in the millimeter as
a function of their class.

While we do not offer an explicit physical interpretation for
these relative flux measurements, we do confirm the existence
of a millimeter flux deficit, and we report a spectral and
asteroid-class dependence of this deficit which suggests a
physical origin in the regolith.

We produce light curves for detected asteroids, as well as
phase curves. For two asteroids, (15) Eunomia and (6) Hebe,
we detect statistically significant variation in the phase curves
of the sinusoidal form given by Equation (5). However, we
cannot adequately explain why phase variation in some
asteroids is detected but variation in other asteroids is not. As
such, caution should be exercised in ascribing any physical
significance to that variation.

Looking to the future, the SO Large Aperture Telescope (SO
LAT; Parshley et al. 2018; Zhu et al. 2021) will provide a
significant increase in both sensitivity and frequency coverage
over ACT, adding 280 GHz observations. The Fred Young
Submillimeter Telescope (FYST) will complete a wide-field
survey fully overlapping with the SO LAT survey area using its
Prime-Cam (CCAT-Prime Collaboration et al. 2023) instru-
ment to observe at 220, 280, 350, 410, and 850 GHz, adding to
our ability to examine the spectra of asteroids in the
submillimeter. Finally, looking to the far future, the proposed
CMB-S4 (Abazajian et al. 2016) and CMB-HD (The CMB-HD
Collaboration et al. 2022) experiments would both represent
over an order of magnitude improvement in sensitivity, and
hence of asteroid detection. More sensitive observations over a
wider wavelength range will further increase our ability to
characterize the regolith composition of asteroids through their
millimeter fluxes.
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