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Viikinkoski et al. 2015. Emission in the milimeter and Section4, we present the results of that analysis. In Sed&jon
submillimeter is thermal in nature and originates from the depthwe interpret these results with a particular view toward what
of the attenuation lengife., several millimeter to centimetar they may mean for the regolith composition of asteroids.
the regolith, the unconsolidated surface of the asteroid. On thd=inally, in Section 6, we summarize and consider the
other hand, emission in the IR is primarily eeted light and  opportunities presented by upcoming experiments to expand

originates much nearer the surfé€ampbell & Ulrichs1969. on this work.
Flux measurements of asteroids made in the submillimeter
and millimeter have consistently found lower emission than 2. Data
expected from modelstted to IR and optical dat@lohnston
et al. 1982 Webster et al1988. Historically, the reducedux 2.1. The Atacama Cosmology Telescope

at these wavelengths has been interpreted as a drop in effective The Atacama Cosmology Telesco@CT) was a 6 m off-

emissivity due to scattering of photons as they pass through thewxis Gregorian telescope located in the Atacama Desert in

regolith (Redman et al1992. However, there is a growing Chile (Fowler et al.2007 Thornton et al.2016 that was

body of evidence that the reducedx actually arises from  primarily used to make survey observations of the CMB from

signi cantly lower temperatures than expected within the 2007 to 2022. ACT had three generations of receivers, most

regolith compared to its surfa¢éeihm et al.2013. recently the Advanced ACTpol receif@dvACT, Henderson
Progress on resolving this issue has been hindered by thet al.2016 Ho et al.2017 Choi et al.2020. ACT observed the

lack of systematic surveys of asteroids in the millimeter andsky in six bands, f030, f040, f090, f150, and 220, and fa80

submillimeter. The eld has long relied on targeted observa- et al.2021). Of these, only the data from f090, f150, and f220

tions of asteroids, which require sigoant observatory are used in this analysis. These bands are centered at

resources(see, e.g., Chamberlain et &007h Miller & approximately 90, 150, and 224 GHz, respectively, corresp-

Barnes2007). Cosmic microwave backgrourf@MB) experi- onding to diffraction-limited resolutions 2f0, 1’4, and1!0.

ments, which survey wide areas of the sky in the millimeter,

offer the promise of large and well-calibrated catalogs of 2.2. Depth-1 Maps

asteroids. Observations of asteroids with survey instruments

have the advantage that they &feee’—only an analysis is : .
g y y y constant elevation, allowing the sky to pass through the

required to extract theiruxes from existing data and no new bservation track. Depth-1 m ; inale observation d
observations are required. This is of great advantage jpooservation track. Deptn-1 maps are a singié observation deep,

g P - in the sense that a given decl. in the map only passes through
zﬁlsatrim?nﬂ ;{29 the study of asteroids in the millimeter andthe array of detectors once. They have the useful property that
y . each pixel can be time-stamped with an accuracy of the time it
Zolije)cteerz;trlr{’rteh%r?eo duH:( Eﬂgsz?éﬁgﬁ;‘ ;:?rirl)sg?maeirt]-%lél ¢ takes a sky coordinate to drift through a detector array around 4
asteroids(Chicer\ura et al2022. For two of the three asteroids minutes. Since the asteroids do not move sicantly on that
' : - timescale, we can accurately st¢8kction3.1) and phase-fold
they detected, theux measurements were consistent with

- ; . : (Section3.4) the asteroid maps. Depth-1 maps are made using
pre@cpgns derived frqm WISE observanons' O.f Unitary the same maximum-likelihood framework as the normal ACT
emissivity; for the third, the measured emissivity was

. sky mapg(see Dunner et a013 Naess et aR02Q and Aiola
¢=0.64-£0.11. SPT is located at the South Pole, and as suchy 3 5020, except that the conjugate gradient iteration used to
relatively few main-belt asteroids pass through its observing

. invert the map-making equation is cut short, after 100 steps
eld, and those that do are only observable for a relatively shortciaoq of 600, because the slower-converging large angular

period of tjme. Observat_ior_ls from midlatitude.telescopes Offerscales are irrelevant for the point-like objects that make up
a bettgr view of th_e ecliptic qnd correspondingly have more ocT’s time-variable sky(point sources generally converge
potential for asteroid observations. _after 10 steps, e.g., Marsden et2014. As with the normal

In this paper, we present an analysis of over 100 asteroidsnaps each frequency of each of A€Tichroic detector arrays
extracted from observations made by the Atacama Cosmologyg mapped separately, resulting in a total of 29,175 depth-1
TelescopgACT) between 2017 and 2021 from its location in - maps used in this work. All depth-1 maps were considered in
Chile. We compare theuxes measured by ACT to models thjs paper, although since not every depth-1 map contains an
calibrated with WISE data. We call the WISE model minus asteroid not all of them are actually used in the analysis. These
ACT data theé‘model differenc& We con rm that, in general, depth-1 maps are part of the ACT data relea@@r8), and the
the model difference is negative, i.e., we observe a millimeterexact depth-1 map-making procedure will be detailed in the

ux de cit. We study the dependence of the model difference ypcoming DR6 paper. These maps will be of great use
on wavelength and asteroid class in a manner that has nogenerally in searching for transient objects in the millimeter
previously been possible due to the relative scarcity of t<’3\r99'[e(§]e.g., Li et al.2023 as well as characterizing the variability of
observations. bright sources.

Data products from this paper, including normalized asteroid Two normalizations have been applied to the resultant

uxes and phase curves, will be made available publicly. A uxes, both of which are standard for ACT analyses. First,
companion paper is being prepared that will describe that datahere is a normalization of point sourcasxes to Planck, as
release and include instructions on how to utilize it. outlined in Aiola et al(2020. While the 220 normalization is

This paper is structured as follows. In Sectpme provide  not yet public it has been computed in the same way as Aiola
an overview of the ACT telescope, the WISE data set, and theet al. (2020. Second, we apply an effective bandcenter
data processing pipeline used to perform our analysis. Innormalization that accounts for the varying effect of the
Section3, we summarize the analysis used to investigate thebandpass with the spectral shape of the source being
model difference, as well as to create light and phase curves. Iconsidered. These are also not yet publicly available for

ACT observed the sky by scanning back and forth at

2
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Figure 1. Summary of the data analysis pipeline used in this paper. Starting from the ACT time-ordered-dasi,ommstruct depth-1 maps as described in
Section2.2. 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 ea
depth-1 map at the location of each asteroid within it. For a given asteroid, we then stack the stamps, normalizing for the observational gestaaty, @sd d
detailed in Sectio.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 forulteat ACT's observing frequenci€Section3.2). The differences between these predictions and

the observed uxes constitute the model difference. The model differenced)ffesta are shown in Figui

DR6, but will be made public with M. Hasseld (2024, 3.1. ACT Stacking
preparatioh While these specc effective band centers are not
yet public, the methodology is a mement of Swetz et al.

(2017 and Thornton et al2016, which are in turn based on

Page et al(2003.

We measure theux of individual asteroids using a stacking
method. For each asteroid, we consider each matdtered
depth-1 map that contains the asteroid. We localize the asteroid
within the map at the time of observation using the JPL
Horizons servicé® accessed using astroqué@insburg et al.

2.3. WISE 2019. We take &0’ x 20’ square stamp witB.5’ resolution

The most up-to-date IR measurements of asteraixes centered at that position and tangent to the plane of the sky
come from the WISE satellit@Vright et al.2010, and were using thepixell software suité? The asteroids are point
analyzed by the Near-Earth Object WISNMEOWISE group sources in our map$:however, using larger stamps helps us
(Mainzer et al2011). WISE observed the whole sky in four IR Iter out stamps with undesirable properties, e.g., those where
bands centered at 3.4, 4.6, 12, and.22, with 5 point source the asteroid is near the edge of the map. To maximize the
sensitivities of 0.08, 0.11, 1, and 6 mJy, respectively. We usesignal-to-noise ratigS/ N), we apply a matchedker to the
the preliminary results from Mainzer et §201J); the IR depth-1 maps before cutting out and stacking the stamps. The
sensitivity relative to the asteroidix is much higher than the  Iter removes both the large scales dominated by atmospheric
same in the millimeter, thus the preliminary release iscéerfit noise and scales smaller than the beam. Given a skynmap
for our purposes. These observations can be used to estimatith noise covariancéN and beam matriX8, we form the
the asteroid size, subsolar temperafwkich is the temper- ~ matched-lter ux mapf asf= p/ x, with p=B'N 'm and
ature at the hottest point of the asteypahd emissivity. There = diag(B'N"'B). The associated ux uncertainty map is
are a number of models for asteroiakes(see e.g., Mommert 1/Jk. These are part of the standard ACT DR6 depth-1 release
et al.201§ for an overviewy, the most common of which is the and are described in more detail in the upcoming ACT DR6

near-Earth-asteroid thermal mod®EATM; Harris 1998. map paper. Our estimate for the astémidux F in a single
This model is used by the NEOWISE team and it can be useddepth-1 map is simply evaluated at the astertsdocation.
to generate predictions for the asteroidxes at the ACT The observed ux of an asteroid varies from depth-1 map to
frequencies. depth-1 map due to the distance between the asteroid and
eart Sun, and also due to the changing observing angle.
3. Methods Removing this effect allows us to compare or combine

measurements at different observing geometries; we call this
To compute our measuredix, we rst extract small maps  removal normalizing. We normalize the observent by the

centered on a given asteroid from the depth-1 maps, which W, nected ux in the Rayleighleans limit of the standard
refer to as stamps. We then stack those stamps to obtain the

asteroid ux. We also use WISE data in combination with the

Asteroid Thermal Modeling software packdgdM; Moeyens

et al.2020) to make predictions for the asteroidx at the ACT 28 hinst/ ssd.jpl.nasa.gdvorizons

observing frequencies. We then compare the observations t@° npsj/ github.con simonsobkpixell

the predictions. The details of this wodw are given in 30 The largest asteroids arel000 km in diameter, with closest approach of
Section3.1, and a pictorial summary is shown in Figure ~1 au, yielding an angular siz€0.01’, much lower than our resolution.



https://ssd.jpl.nasa.gov/horizons/
https://github.com/simonsobs/pixell
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thermal mode(STM) (Lebofsky et al 1986 3.2. ATM Predictions
B 1,2 We use the ATM package, which is an open-source software
F=F Gearth di 10-0.0040; which ts NEATM models to WISE data. The ATM package
' 1 au 1 au accurately reproduces the NEOWISE results, and also includes
= FRW, (1) all the WISE data that are required to compare with ACT

measured uxes. The ATM package includes notebooks for
tting NEATM models to WISE data. Within these there are a

wheredg,in; andds,; are the Earth and Sun centered distance, = : oo R
earth Suni umber of prescriptions for treating the emissivities in the

and q; is the Sun-asteroid-Earth phase angle in degrees, all agarious WISE bandésee Moeyens et a02q Chapter 3 for

the time of the observation of stamgHere F; is the observed  yoiqii of these prescriptignaVe used the NEOWISE model,
asteroid ux andF, is the normalized asteroidix, evaluated at  \yherein the albedo is a free parameter, for comparison with ACT
Gearth= dsun=1au. We use the STM to normalize thexes  yxes. When comparing our measured millimetexes to the
because it has a known closed form, and the geometricapredictions from ATM, we scale the millimeteuxes to the
scalings of the STM are the same as the NEATM. We thenorbital con guration at the time of WISE observations using

form the maximum-likelihood stackedux estimate(Fsiack 9 Equation(1). Each WISE observation of an asteroid typically
from the normalized stam§Bstampi) as; includes~4-6 individual exposures, which are spaced much less
than a day apart. We evaluate Equatijrat the median time of
Fuack.0 = (WTNTW)™ T WO N By each observation. The correction for the differing observation
' ' times is much less than 1% and so it is not included in our
_ —1 , 1 analysis. An example comparison of ATWISE predictions
- zlz WN* Ramp. / XI: W N @) and ACT observations is shown in Figie

for N the noise covariance matrix and/ the same as 3.3. Light Curves

Equation (1). Measuring the ux at the center oFgpck oat To generate the light curves, we use the stamps described at
the center pixel of the stack gives us a maximum-likelihood the beginning of Sectio8.1. Instead of stacking them, we take
estimate of the normalizedix. This ux can then be scaled by the uxvalue from the center of each stamp and arrange them
a particular Earth-asteroid distance, Sun-asteroid distance, an@ccording to the time of observation of each stamp. We also use

; ; : from the NEATM model, scaling each modex based
Sun-asteroid-Earth phase angle using Equdfipio compare UXes P .
with WISE observationsee Sectio@.3). Since the instrument on the Earth and Sun centered distance and Sun-asteroid-Earth

. . . hase angle according to Equatid). There is an associated
beam is not yet well characterized for the daytime data, we onl)};rror for egach ux in thg stam?os, v(vdr?ich we use to generate the

use nighttime data, specilly data from observations between |,y error bars. Figur2 provides an example light curve fig
11pm and 11am coordinated universal time. Vesta along with the NEATM scaledux. The modulation in
As a consistency check for this method, we use the samenjs light curve is apparent across all frequency bands and is a

pipeline to createux maps for Uranus and compared them to consequence of the change in observational geometry and
dedicated scans of Uranus which are used for ACT calibrationdistance.

(Hajian et al.2011 Hasseleld et al.2013. Additionally, we
computed the fractional difference iox between arrays at the 3.4. Phase Curves
same frequency for all asteroids. We then combined this

fractional difference ﬁn an inverse-variance weighted sense tc?requency in order to detect periodic behavior in the asteroid
get an average fraction difference between arrays at the same, gpecically, we generate phase curves from the light curves
frequency. In both cases, the observed discrepaneyl® 4 provide information aboutux variations as a function of the
between various arrays at the same frequency. This isygieroid sub-Earth longitude, i.e., the line of longitude which
consistent with the precision of the overall ACT calibration jntersects a line drawn from the center of the asteroid to the
relative to Planck, which is of order 1faiola et al.2020 at  center of the Eartfsee e.g., Chamberlain et2007). We refer
f090 and f150, and 1.4% at f220. This discrepancy is alsoto this as the phase of the asteroid. Figughows the relevant
consistent with dedicated scans of Ura(tdajian et al.2011, geometry. From the gure, the Sun-Asteroid-Earth signed
Dunner et al.2013 Hasseleld et al. 2013. As a nal interior angleg, plus the difference between the observed phase,
consistency check, we compare the values from stamps of o, and the rotational phase, plus the asteroid longitudfef 5
Uranus to estimates of itsix made directly from time-ordered- must ber. Rearranging, in radians we have;
data; these agree within uncertainties.

In addition to the uncertainty in the calibration to Planck, V=" —a—gy+m )
there is an uncertainty in the beam size due to the effectiv
frequency of observation; this effect is also of order (b€

Phase curves are light curves that we fold in time by some

eComputing o requires the rotational period of the asteroid,

; hile computinga: and f 5 requires the asteroid ephemerides,
Marsden et aR014). We combine these effects and add a 1.4% : A
9 ° both of which we acquire from the Small-Body Databse.

systematic uncertainty term to thaal ux at f090 and f150, . , L e
and 1.8% at £220. This systematic term is subdominant to thel Nére is one small correction to Equati#); the nite light

statistical one for all but four asteroids. T ot this s ot the eclmtic Tomaade. but the lonaitude relative &
; ; ; ote this is not the ecliptic longitude but the longitude relative to some
A summary plot for the asteroi¥) Vesta is shown in reference time at whichg = 0. We have chosen this time to be midnight on

Figure 2. It includes stacked ux maps as described in this 1970 January 1.
section, as well as a light cur¢8ection3.3). 32 hitps!/ ssd-api.jpl.nasa.gbdod sbdb.html



https://ssd-api.jpl.nasa.gov/doc/sbdb.html
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