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Abstract
We present the first measurements of asteroids in millimeter wavelength data from the South Pole Telescope (SPT),
which is used primarily to study the cosmic microwave background (CMB). We analyze maps of two ∼270 deg2

sky regions near the ecliptic plane, each observed with the SPTpol camera ∼100 times over 1 month. We subtract
the mean of all maps of a given field,removing static sky signal,and then average the mean-subtracted maps at
known asteroid locations.We detect three asteroids—(324)Bamberga,(13) Egeria, and (22) Kalliope—with
signal-to-noise ratios (S/N)of 11.2, 10.4, and 6.1, respectively,at 2.0 mm (150 GHz);we also detect (324)
Bamberga with an S/N of 4.1 at 3.2 mm (95 GHz). We place constraints on these asteroids’ effective emissivities,
brightness temperatures, and light-curve modulation amplitude. Our flux density measurements of (324) Bamberga
and (13) Egeria roughly agree with predictions,while our measurements of (22) Kalliope suggestlower flux,
corresponding to effective emissivities of0.64 ± 0.11 at 2.0 and < 0.47 at3.2 mm.We predict the asteroids
detectable in other SPT data sets and find good agreementwith detections of (772) Tanete and (1093) Freda in
recent data from the SPT-3G camera, which has ∼10× the mapping speed of SPTpol. This work is the first focused
analysis of asteroids in data from CMB surveys, and it demonstrates we can repurpose historic and future data sets
for asteroid studies. Future SPT measurements can help constrain the distribution of surface properties over a larger
asteroid population.
Unified Astronomy Thesaurus concepts: Asteroids (72); Asteroid surfaces (2209);Millimeter astronomy (1061);
Cosmic microwave background radiation (322)

1. Introduction
Astronomerscan learn about the evolution of our solar

system and its planets by studying the physicalproperties of
asteroids (Michel et al.2015).Typically, astronomers observe
asteroids passively at optical and thermal infrared (IR)
wavelengths;in these wavelength ranges,the asteroid flux
densities are dominated by reflected solarlight and thermal
emission, respectively. Astronomers also study asteroids
actively with radar observations,which detectecho signals to
determine physical shape and properties. While astronomers do
study asteroidsat submillimeter,millimeter, and centimeter
wavelengths, such studies are less frequent, despite the
feasibility of such measurementshaving been demonstrated
as early as the 1970s (Briggs 1973). These microwave
observations provide information thatoptical, IR, and radar
observations cannot.For instance,early observers atmicro-
wave wavelengthscorrectly understood thatemission from
wavelengths longerthan IR originated from multiple wave-
lengths into the regolith, i.e., the unconsolidated rocky surface
of the asteroid,depending on regolith composition (Ulich &
Conklin 1976; Conklin et al. 1977; Johnston et al. 1982). That
is, the regolith becomes more transparentat longer wave-
lengths,so early observers found they could measure thermal
radiation emitted from deeper under the asteroid’s surface.

Studies at IR wavelengths suggestedthat most large
asteroids had surface emissivities near unity, yet early
observationsfrom submillimeter to centimeter wavelengths
measured flux densities much lowerthan models predicted.
These early observers interpreted the lower flux densities as the
result of a wavelength-dependent drop in emissivity as large as
25% (Johnston etal. 1982; Webster etal. 1988).At the time,

astronomers interpreted this loweremissivity as an effective
emissivity resulting from scattering by grains within the
regolith, which would make it harderfor photons to escape
to the surface (Redman etal. 1992). Astronomers used this
interpretation to place constraintson the composition and
properties of asteroids’ surfaces,and they continued interpret-
ing asteroids in this way for decades, including in some recent
studies atthese wavelengths thatobserve emissivity drops as
great as 40% (Müller & Barnes 2007; Moullet et al.2010).

However, there is mounting evidence that this interpretation is
incorrect. The European Space Agency’s Rosetta is the first solar
system spacecraft mission that includes instrumentation able to
measure thermalfluxes at IR, submillimeter,and millimeter
wavelengths.Rosetta made close approaches to two asteroids,
one of which was the large asteroid (21)Lutetia51 (Gulkis et al.
2012). During the flyby of (21) Lutetia, Rosetta also recorded a
decrease in flux at millimeter wavelengths,but more complex
modeling suggested thatthis was due to a large temperature
gradient in the outer regolith as opposed to a wavelength-
dependent emissivity (Keihm et al.2012).Later,Keihm et al.
(2013) applied their modeling to thermalfluxes of other large
asteroidsto suggest an altogethernew interpretation of the
observed decrease in flux atlonger wavelengths.They found
that the decrease in flux could be explained by emissivities near
unity at all wavelengths combined with a significanttemper-
ature gradient over depth, with temperatures as much as
50–80 K lower several millimeters below the asteroid’s surface.

The new interpretation suggested by Keihm etal. (2013)
represents a paradigm shiftthat would fundamentally alter the
way astronomers examine asteroid regolith composition. In order
to expand on this work, astronomers need more high-sensitivity
measurementsof asteroids at submillimeter to centimeter
wavelengths,where observations existfor only a handful of

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

51 The naming convention ofasteroids consists ofan object’s International
Astronomical Union designation number in parentheses followed by its name
(if any).
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large asteroids.Recently, the Atacama Large Millimeter/
submillimeter Array (ALMA) carried outdedicated studies of
asteroids and other small solar system bodies, including asteroids
(1) Ceres (Liet al. 2020),(3) Juno (ALMA Partnership etal.
2015), and (16) Psyche (de Kleer et al. 2021), as well as Centaurs
and trans-Neptunian objects (Lellouch etal. 2017). Measure-
ments like these at submillimeter to centimeter wavelengths serve
an important role in asteroid studies because they lie on the ill-
understood boundary between two observable regimes—the
highly emissive radiation in IR and the supposedly less emissive
radiation in centimeters—and ultimately can improve modeling
of surface properties,including thermal inertia and regolith
roughness.

Instruments like ALMA can track celestial targets for a short
time with high sensitivity,but these instruments are generally
facilities that require proposals for use. These facilities receive
many observation requests,so studying asteroids comes ata
high opportunity cost. However, astronomerscan incur no
opportunity cost if they repurpose data from othertypes of
observations thathappen to include asteroids.Sky surveys at
millimeter wavelengths fill this niche and are made frequently
using telescopesdesigned to study the cosmic microwave
background (CMB).

In this paper, we show that we can use data from the South Pole
Telescope (SPT) to detect asteroids at high signal-to-noise ratios
(S/N) at millimeter wavelengths when we average maps of the
sky centered on known asteroid locations. By showing this, we
demonstrate that historic and future data from CMB experiments
can be repurposed forobserving asteroids.In Section 2, we
describe the SPT and the cameras from which the data in this
paper are taken, the specific observations used in this work, and
the data processing used in making the single-observation maps
used in the asteroid search. In Section 3, we explain the asteroid
selection criteria in historic data. In Section 4, we describe how
we search for the selected asteroidsin our observations.In
Section 5, we show the detection of three large asteroids—(324)
Bamberga,(13) Egeria,and (22) Kalliope—with the SPTpol
camera at 2 mm (150 GHz), as well as (324) Bamberga at 3.2 mm
(95 GHz). In Section 6, we discuss these results. In Section 7, we
suggest prospects for continuing this analysis on other data sets.
We conclude in Section 8.

Although the Planck Collaboration has previously published
detections of asteroids in their analysis connecting dust observa-
tions to asteroid families (Cremoneseet al. 2002; Planck
Collaboration et al. 2014) and the Atacama Cosmology Telescope
(ACT) collaboration masked asteroids in their search for Planet 9
(Naess et al. 2021), this work represents the first focused analysis
of asteroid flux in data from an experiment designed to measure
the CMB. With continued analysis,historic and future data
measuring the CMB can provide more observations of asteroids at
submillimeter and millimeter wavelengths.In particular,scien-
tists can make these measurementsusing a wealth of data
provided by current experiments, such as those on SPT and ACT,
as well as upcoming experiments like the Simons Observatory
and CMB-S4 (Kosowsky 2003; Abazajian et al.2016; Simons
Observatory Collaboration et al. 2019).

2. Instruments, Observations,Data Processing
The primary results in this work use observations from the

SPTpol camera on the SPT, with some proof-of-concept results
from the currently installed SPT-3G camera. We provide a brief
description of the telescope and both cameras,the method of

data collection—particularly as itpertains to the sensitivity to
moving objects—and the standard data analysis through the
mapmaking step. We describe the post-map processing specific
to asteroid detection and characterization in Section 4.

2.1. Telescope and Cameras
The SPT is a millimeter/submillimeter telescope with a 10 m

primary mirror, installed at the National Science Foundation
Amundsen-Scott South Pole research station.The telescope is
physically located approximately 1 km from the geographical
South Pole.Since its construction in 2006–2007,the SPT has
been used almost exclusively to make deep maps of thousands
of square degrees of the southern sky, with the primary science
goal of characterizingthe primary and secondary CMB
anisotropies in intensity and polarization.For more details on
the telescope,see Carlstrom et al. (2011) and Padin et al.
(2008).

SPTpol was the second camera installed on the telescope,
replacing the original SPT-SZ camera in 2012. SPTpol
consisted of 1536 feedhorn-coupled,polarization-sensitive
superconducting detectors,1176 sensitive to radiation in a
band centered near2.0 mm (150 GHz)and 360 sensitive to
radiation in a band centered near 3.2 mm (95 GHz).Although
we refer to these bands as “2.0 mm” and “3.2 mm,” the band
centers are closer to 2.01 mm (149.3 GHz) and 3.11 mm
(96.2 GHz),respectively,for a Rayleigh–Jeans spectrum,like
that expected from asteroids. These effective band centers may
shift slightly if we considerthe drop in effective emissivity
described in Section 1, but this shift would only minimally alter
measured fluxes and effective emissivities.We can approx-
imate the main lobes of the SPTpol beams or point-spread
functions in the two bands by Gaussians with an FWHM equal
to roughly 1 2 at 2.0 mm and 1 6 at 3.2 mm.More details on
SPTpolcan be found in Austermann etal. (2012) and Bleem
et al. (2012).

The SPT-3G camera replaced SPTpolon the telescope in
2017.SPT-3G consists of ∼16,000 superconducting detectors
configured to observe in three bands, centered at roughly
1.4 mm (220 GHz), 2.0 mm (150 GHz), and 3.2 mm (95 GHz).
Each camera pixelis coupled to two (orthogonally polarized)
detectors in each ofthe three bands.The beam FWHM for
SPT-3G is similar to that in SPTpol for the two common bands
and is roughly 1 05 at 1.4 mm.For more details on SPT-3G,
see Anderson et al.(2018) and Sobrin et al.(2022).

Both SPTpol and SPT-3G contain polarization-sensitive
detectors.Observers mightexpectto measure the polarization
of microwave emissions but only at polarization levels of a few
tens of percent (Lagerros 1996).Indeed,recent observations at
mm wavelengths have found polarization levels even lower than
theory might suggest (de Kleer et al. 2021). Therefore, we expect
that any measurements ofpolarized light from the asteroids
considered in this paper would be approximately an order of
magnitude weaker than measurements of total intensity.Given
the significanceat which we ultimately detect unpolarized
emission of asteroids considered in this paper, we only use the
total intensity information from SPTpol and SPT-3G in this work.

2.2. Observations
The primary results in this work come from observations

with the SPTpol camera of two sky regions:“RA13HDEC-25”
centered at roughly R.A. 13h, decl. −25°,and “RA23HDEC-25”
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centered at roughly R.A. 23h, decl. −25°. Each field is 2h wide
in R.A. and 10° tall in decl.,covering roughly 270 deg2 each.
We note that these are different from the primary SPTpol
science field, a 500 deg2 patch centered at R.A. 0h, decl. −57°. 5
(Henning et al.2018).

From roughly December through March, the primary science
field was partially contaminated by the Sun due to telescope
sidelobes,so SPTpol was used to conducta supplementary
survey of other fields with relatively low Galactic foreground
emission. This supplementary survey iscalled the SPTpol
Extended Cluster Survey (ECS),the details of which can be
found in (Bleem etal. 2020,hereafter B20).The ECS covers
nearly 2800 deg2; we concentrate on the two fields mentioned
above because of their proximity to the ecliptic plane, as
explained in Section 3.

Each of these two fields was observed for roughly 1 month
in either 2015 or 2016, on a roughly 2.5 hr cadence,with a
∼4 hr pause every ∼24 hr for cycling the helium adsorption
refrigeratorthat cools the detectors.The RA23HDEC-25 field
was observed from 2015 October29 to 2015 November29.
The mean position of the Sun during this time was at R.
A. 226°. 6and decl. −17°. 2.The RA13HDEC-25 field was
observed for 1 day on 2016 February 13 then from 2016
February 23 through 2016 March 22. The mean position of the
Sun during this time was at R.A. 315°. 9 and decl. −4°. 2. Bleem
et al. (2020) estimate the final noise level of the two fields to be
roughly 30 μK-arcmin at 2.0 mm and 50–60 μK-arcmin at
3.2 mm, correspondingto 1σ point-source sensitivities of
roughly 2 and 3 mJy at 2.0 and 3.2 mm,respectively.

In Section 7,we perform a rough validation of predictions
for asteroid yield in other surveys using 2020 data from the
main SPT-3G science field, a 1500 deg2 field centered at
R.A. 0h, decl. −56° (a supersetof the SPTpol main science
field). In 2020 this field was observed from March through
November, with an effective cadence of 1–2 days (the full field
is split into four subfields, two of which are observed during a
given refrigerator cycle—see Guns et al.(2021) for details).

2.3. Data Processing

2.3.1.Time-ordered Data Filtering and Mapmaking

The maps used in this work were originally created for use in
the cluster-finding analysis of Bleem et al.(2020).For details
of the data processing used to make these maps,we refer the
readerto that work; we summarize the basic steps here.For
each observation, the time-ordered data (TOD) were subject to
quality cuts and several filtering steps, including bandpass
filtering to suppresslow- and high-frequency noise and
common-mode subtraction to suppress atmospheric contamina-
tion. The sky location to which each detector was pointed at
each time sample was then calculated and binned into 025
pixels in the Sanson–Flamsteed projection.Finally, all time
samples from all detectors in a given observing band pointing
to a given pixel were averaged with inverse noise weighting to
produce the map.

Because of the finite resolution of the telescope and the
filtering applied to the TOD, the resulting maps are biased
representations of the true sky signal.We can representboth
the telescoperesolution effect and the effect of the TOD
filtering as multiplications in two-dimensionalFourier space,
and we refer to these as the beam B(l) and the filter transfer
function F(l), respectively, where l ä {lx, ly} is the wavenumber

equivalent of the Fourier coordinate system {u, v} (i.e.,
lx = 2πu, ly = 2πv). The most important TOD filtering steps are
(1) a scan-direction high-pass filterthat, combined with the
azimuth-raster scan strategy and the polar telescope location,
results in a map-space x-direction high pass with a cutoff of
lx = 300; and (2) a common-mode subtraction across the array
at each time step thatacts in map space as an isotropic high-
pass with a cutoff of roughly ℓ ≡ |l| = 300.

2.3.2.Calibration

Relative gains across the detector array and between
observations are measured using regularobservations ofthe
Galactic HII region RCW38 and regularobservations ofan
internal thermalcalibration source.As in Bleem et al. (2020),
the absolute calibration of the map was derived by comparing
the full-season co-added maps with the Planck map of the same
field. The SPT-ECS fields were taken atsignificantly higher
levels of atmospheric loading compared to other SPTpol survey
data,and the resulting larger change in detector loading with
elevation necessitated afurther calibration step beyond a
constant normalization factor for 3.2 mm data. Although noise
in SPTpol data does not in general depend strongly on airmass,
the 3.2 mm data required this additional calibration step as the
calibration was empirically found to vary significantly with
elevation within a field (which is equivalent to decl. for
observations from the South Pole).This trend is fit well as a
linear function of decl., and Bleem et al. (2020) used the Planck
data to fit for and correct this variation across the fields.

Because in this work we aim to measure asteroid flux density
on an observation-to-observationbasis, we also compare
individual observationswith Planck data. We find that the
single-observation calibration varies significantly less than the
noise on the measurementof any asteroid in a single
observation,and we ignore this as a source of uncertainty in
subsequent analysis. We also repeat the B20 comparison of the
full-depth SPTpol maps with Planck data and make small
(∼5% level) corrections to the B20 absolute calibration.

The comparison to Planck yields a calibration atangular
scaleswhere the CMB temperature anisotropy is strongest
(roughly degree scales),and transferring this to a flux density
scale requires accurate knowledge ofthe beam and filtering.
We verify our flux density calibration by comparing flux
measurements of the source J2258-2758 at3.2 mm inRA23H-
DEC-25with the value reported in the ALMA Calibrator Source
Catalogue.52 This source is the only source recorded in the
catalog during the observation periods of our fields. We found
that ALMA’s measurementwas within ∼1 standard deviation
of our measurementfrom five observationsnear ALMA’s
observationdate. Becausewe are primarily checking for
systematic failuresin the beam and filter transfer function
estimation,we take the success of the verification at3.2 mm
and in one field to indicate that the flux density calibration
chain is likely robust at 2.0 mm and in the other field.

Overall, these calibration steps carry a few systematic
uncertainties.Uncertainty in 3.2 mm data from the elevation-
dependent recalibration done by Bleem et al. (2020) is around
5.9% (5.5%) for RA13HDEC-25 (RA23HDEC-25). Uncertainty
from calibration with Planck data is around 1.4% (2.4%) for
RA13HDEC-25(RA23HDEC-25) in 2.0 mm data and 2.3% (2.0%)
for RA13HDEC-25 (RA23HDEC-25) in 3.2 mm data. There is

52 https://almascience.nrao.edu/sc/
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further uncertainty related to the SPTpolbeam shape used in
filtering maps and converting map units to flux units; this is at
most on the scale of a few percent. Added in quadrature, these
systematic uncertainties are roughly 6% forthe 3.2 mm data
and 3% for the 2.0 mm data,which are subdominantto noise
fluctuations in observationsof the asteroids reported in
Section 5.

3. Selecting Asteroids to Examine
Figure 1 shows a map of the Galactic dust emission from the

Planck satellite,with the locations of the SPTpol and SPT-3G
observation fields and the ecliptic plane superimposed. Galactic
emission can obscure measurementsof the CMB, so CMB
survey designers typically choose observation fields that avoid
this emission. The ecliptic plane marks the apparent path of the
Sun through the sky over the course of a year,so near it we
should find objects in our solar system with low orbital
inclination, like most main belt asteroids (MBAs).Thus, we
would expect to find more observable asteroids in the fields
closest to the ecliptic, and we focus our initial search on those
fields: SPTpol ECS fields RA13HDEC-25 and RA23HDEC-25
(detailed in Section 2.2).

To identify observable asteroids,we predict the asteroids’
flux densities using standard thermal models. Three such
models are commonly employed:the standard thermalmodel
(STM) developed by Lebofsky etal. (1986), the fast rotating
model (FRM) developed by Lebofsky & Spencer (1989),and
the near-Earth asteroid thermal model (NEATM) developed by
Harris (1998).For a review of all three models,we refer the
readerto Delbó & Harris (2002). All three models consider
thermal equilibrium between incoming solar radiation and
outgoing emitted radiation on the surface of an asteroid.The
STM considers the case in which an asteroid is notrotating,
reachesa maximum temperature atthe subsolarpoint, and
radiates only from the dayside. The FRM considers the case in
which an asteroid is rotating quickly and reaches a maximum
temperature along its hemisphere.The NEATM considers the
same case as the STM,exceptit integrates emission from the
asteroid’s visible surface as opposed to using empirical scaling
with solar phase angle. The models generally take the

following parameters: solar distance,Earth distance, solar
phase angle, bond albedo, emissivity, and beaming parameter.
The beaming parameter was originally included to account for
an effect called infrared beaming in which thermal emission is
greater from a rough surface when viewed at small phase
angles, but it is more often treated as a way to empirically scale
the model. For the STM, the beaming parameter can vary from
asteroid to asteroid butis assumed constantover wavelength,
and the value of 0.756 was determined empirically by Lebofsky
et al. (1986) from thermalIR measurements of (1) Ceres and
(2) Pallas.For the FRM,the beaming parameter is fixed at π.
For the NEATM, the beaming parameteris a free parameter
that varies to fit the data. The STM with 0 solar phase angle is
the equivalent of a nonrotating spherical blackbody and
predicts the maximum possible flux density for given
observation geometry and physical parameters,while the
FRM is considered the minimum possible.The NEATM has
become the standardmodel for thermal asteroid analysis
following its wide use by the NEOWISE Collaboration
(Mainzer et al.2011).

To identify asteroids present in those fields,we compiled a
list of potentially visible objects. First, we queried the JPL
Small-body Database (SBD) Search Engine (Giorgini 2020) to
generate a list of all small bodies with reported values of
effective spherical diameter D, perihelion distance q, and
minimum orbit intersection distance (MOID). Next, we
estimated the maximum possible flux density of each of those
objects with the STM.We considered maximum possible flux
by assuming values of 1 for emissivity and 0 for albedo,and
using q as solar distance and MOID as Earth distance for
optimal viewing geometry. We adopted the standard empirical
assumption of 0.756 for the model’s beaming parameter.
Finally, we eliminated all asteroids forwhich the maximum
possible flux fell below 0.5 mJy,which would correspond to
roughly a 2σ fluctuation at the projected depth of the main
SPT-3G field after 5 yr of observing. However, we maintained
all cometsand near-Earth objectsas potentially interesting
objects regardless of the maximum possible flux. This resulted
in a list of 5885 objects of interest.

Figure 1. SPT-SZ, SPTpol, and SPT-3G observation fields plotted on a Mollweide projection of the sky using the equatorial coordinate system. The yellow, orange,
and cyan boxes denote the sky regions observed using the SPT, and thicker boxes denote regions analyzed in this paper. The blue-green-yellow color scale represents
galactic dust emission at 545 GHz from the Planck Public Data Release 2, with yellow indicating higher emission (Planck Collaboration et al. 2016). The dashed gray
line represents the ecliptic plane.
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After compiling a list of viable observation candidates,we
identified those that were within our observation fields during
our observation periods. We did so using astroquery, a set
of Python tools developed by Ginsburg et al. (2019) to request
data from online astronomical databasesand web services.
First, we queried JPL HORIZONS Web-Interface (Giorgini
et al. 1996) to generate ephemerides for each asteroid on each
day we observe in each field. Next, we filtered the list of
objects by removing allthose thatwere outside of the fields
during the entire observation periods. Then, we queried the JPL
SBD for each object’s diameter and albedo, and we used these
values and their ephemeridesin the STM to estimate the
objects’ fluxes. Finally, we estimated the expected noise levels
by scaling the fully integrated noise levels reported in Bleem
et al. (2020) depending on the number of observations in which
each asteroid was present.We computed a prediction of S/N
by dividing each asteroid’s average flux density by its
estimated noise level.Although we attempted to detect all
136 objects that passed through ourfields, we only present
results here for those three asteroids with a predicted S/N at
2.0 mm greater than 5.

We note that these predicted S/N values are likely upper
limits due to multiple assumptions that affect the asteroids’
temperatures.For one, the STM models asteroid surface
temperatures, and we expect that millimeter emission originates
from cooler, subsurface regions (Keihm et al. 2013). Likewise,
the STM models the limitof a nonrotating asteroid,in which
case the asteroid reaches the maximum possible temperature, so
we expect that a realistic, rotating asteroid would be cooler.
Predicted S/N values will also differ from measured values
depending on the asteroids’ rotations relative to the observer.
That is, an asteroid whose hot subsolar point is rotating away
from the observer is in thermalmorning and will appear less
bright than an asteroid whose hotsubsolarpoint is rotating
toward the observer in thermal afternoon.

4. Methods for Detecting Asteroids and Constraining Their
Properties

Using the methods in Section 3, we compile a list of
asteroids that are known to pass through our fields during our
observation periods.In this section,we describe the methods
we used to measure emission from the selected asteroids in
SPT data.

First, we calculate the noise in each individualobservation
map, which were previously constructed from ∼2.5 hr long
observationsof each field. We also compare the apparent
positions of bright extragalactic sourcesin each individual
observation map with the known positions of those sources in
the AT20G catalog to double-check astrometry (Murphy et al.
2010). We then co-add the individual observation maps of each
field, excluding any observationsthat were outliers in the
distribution of map noise or astrometry.For details on the co-
adding process,we refer readers to Bleem etal. (2020) and
Everett et al. (2020). A co-added map measuresthe sky’s
average signal;each pixel’s value in the co-added map is the
average of that pixel from the input maps weighted by inverse
variance.Because the co-added maps are averages,we retain
power dominated by static sources,but we average out power
from variable sources and moving sources, including asteroids
in particular. Next, we subtractthe co-added map from each
individual observation map to create differenced maps.
Because we subtracted off the power from static sources, these

differenced mapsshould contain only noise and flux from
transient and variable sources.When subtracting the co-added
map, which includes transientand variable sources,we do
introduce a bias by removing some of the sources’ power, but
this bias is at the percentlevel since no asteroid observation
contributes more than ∼1.5% to the co-added map.This bias
would be much larger for asteroids moving atangular speeds
much slower than the size of one SPTpol beam between
observations,or roughly 29″ hr−1 . In this work we analyze
asteroids moving quickly enough that this bias is not
concerning,with (324) Bamberga moving the slowestat an
average angularspeed of∼20″ hr−1. Because ourgoal is to
detect asteroids,the differenced maps are the primary form of
data that we analyze in this work.

To enhance the sensitivity of the asteroid search, we choose
to look at the locations of known asteroids,which requires
precisely knowing those locations.Some asteroids can move
across the sky atangular speeds such thatthe change in their
position over an hour is comparable to the SPT beam size.
Since each observation lastsroughly 2 hr, we must more
precisely define what time we scan over any asteroid. We
maintain some precision by considering the SPT’s scanning
strategy,which involves scanning back and forth in azimuth
before stepping in elevation, which at the South Pole is
equivalent to stepping in decl. If we know an asteroid’s
decl. around the time of observation, we can interpolate a more
precise time at which we scan over the asteroid.First, we
queried JPL HORIZONS Web-Interface using astroquery
to generate ephemerides for allasteroids atthe time halfway
through each observation, an initial guess. Then, we estimated
the time at which the telescope would scan over the asteroid
and re-queried JPL HORIZONS Web-Interface to obtain a
more precise location. Given typical MBA motions, we assume
our positional errors to be much less than the SPT beam size.

Using these more precise asteroid locations, we cut out small
regions of each differenced map centered on the asteroid
location. We conductmultiple analyses on these cutouts.To
report mean flux measurements,we co-add the cutouts and
filter the co-added cutout with a matched filter that maximizes
the S/N for point sources. For details on matched filtering SPT
data, we refer the reader to Everett et al. (2020). The resulting
measurementsare in units of TCMB; i.e., map values are
expressed asequivalent fluctuations from the mean CMB
blackbody temperature of 2.726 K. We convert the value of the
center pixelto report flux density in units of millijansky. We
calculate uncertainties and S/N by computing the rms noise in
areas of the co-added cutoutbetween 15 and 15′ away from
the asteroid. We report our mean flux measurementsin
Section 5.

We can calculate other usefulinformation from mean flux
measurements.To do so, we use the NEATM to remain
consistent with standard reporting of thermal emission
measurements.NEOWISE reported diameters,albedos,and
beaming parameters forthousands ofasteroids,and we use
those values to predict our asteroids’expected fluxes more
reliably (Mainzer et al. 2019). Once we compute the NEATM
flux predictions, we can calculate effective emissivities in each
band by dividing the measuredflux by the model flux.
Likewise, we can use the NEATM to solve for the subsolar
temperature, which would produce the fluxes we measure, and
we scale these temperatures by solar distance re according to
the NEATM’s assumed dependence ofr 1 2-

 . Not only can this
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brightnesstemperature be viewed asanotherway to report
mean flux density,but calculated brightness temperature and
effective emissivity can also be viewed as probes of the long-
wavelength emission drop described in Section 1. Furthermore,
because we make flux measurements at multiple wavelengths,
we can calculate the spectral index α between the two
wavelengths.We define α in terms of measured flux Sν at
frequency ν such that

S , 1n~n
a ( )

so that it is easy to compare to expected thermal emission with
α = 2. We report our predicted fluxes,calculated effective
emissivities, calculated brightness temperatures, and calculated
spectral indices in Section 5.

SPTpol does not have high enough sensitivity to detect most
asteroids with high significance in individual observations, but
we can still consider the flux of the center pixel as a function of
time, i.e., the target’s light curve. We create the light curves by
matched filtering each non-co-added differenced map and
plotting flux versus time of observation. In this paper, we create
the light curves only for 2.0 mm data because our observations
at this wavelength have higher S/N and do not require
additional elevation-dependence calibration like our3.2 mm
data. Light curves are important because observed flux density
changes depending on viewing geometry.We test whether we
detectthe expected change in flux density by calculating the
difference in χ2 between models thatconsideronly constant
flux from the source versus constantflux plus variation as
predicted by the NEATM.

Asteroids in general are not spherical, so as they rotate while
traveling through space, we expect to observe a periodic
modulation in their light curves. If we can detect modulation of
this type in the light curves, we can infer information about an
asteroid’s shape,rotationalperiod,and other properties.First,
we scale the light curves by a correction factor to account for
flux changes due to viewing geometry. This is done by
calculating the mean flux predicted by the NEATM and scaling
the light curve to thatvalue.For a sense of whatthat scaling
might look like, consider the STM in the long-wavelength
Rayleigh–Jeans limit,in which case flux density F varies like

F r r 10 , 21 2 2 0.004~ a-
Å
- - ( )

where re is the solar distance to the asteroid,r⊕ is Earth’s
distance to the asteroid, and α is the solar phase angle
measured in degrees,an empirical fit. We compute scaling
factors to mean values ofre , r⊕, and α based on NEATM
predictions,which is comparable atthe percentlevel to using
the above functionalform. Next, we compute Lomb–Scargle
periodograms to try to detectstatistically significantperiods.
For details on the periodogram, we refer readers to VanderPlas
(2018). Finally, if the asteroid has a known period, we can also
fold the light curve by plotting flux versus observation time
modulo rotation period.When we fold the light curve in this
way, we plot flux as a function of the rotational phase, and we
fit a sinusoidal function to place limits on modulation
amplitudes at millimeter wavelengths.To first order,asteroids
are ellipsoids, so we would expect the most observable
modulation to be sinusoidal with a period half that of the
asteroid’s known rotational period.

One caveat to our light-curve analysis is that each asteroid is
scannedover multiple times in each ∼2.5 hr individual

observation.This introduces two effects:an inexactness for
the time observed and an averaging of flux from the asteroid
during that time. If the rotation period of the observed asteroid
is short compared to the timescale over which the asteroid is
observed,these effects will both reduce sensitivity to the
brightnessmodulation induced by rotation. For the SPTpol
observations understudy, in which the telescope is scanned
back and forth in azimuth and then stepped in elevation,the
relevant observation timescaleis the time during which a
particular sky elevation is within the field of view of the
camera. The elevation extent of the SPTpol camera is roughly
1°; thus, in a ∼2.5 hr observation of a 10° field, a particular
elevation will be visible for approximately 15 minutes. This is
much less than the multiple-hour rotational periods of our
asteroids ofinterest,and we conclude thatour sensitivity to
rotational effects is not compromised by these effects.53

5. Results
Using the methods described in Section 3, we compile a list of

54 objects inRA13HDEC-25and 82 objects inRA13HDEC-25that
are within the fields during at leastone observation,and we
predict the integrated S/N for each asteroid. This information—
mean model flux, number of observations present, and corresp-
onding predicted S/N at2.0 mm—is summarized in Figure 2.
We present these predictions only at 2.0 mm because we expect a
larger emitted flux atshorter wavelengths and a betterpoint-
source sensitivity in that band. As can be seen in Figure 2, only
three asteroids are present for long enough and with great enough
mean flux to be detected at S/N > 5.We predict that the only
asteroid with S/N > 5 inRA13HDEC-25is (324) Bamberga with
S/N ∼ 12.5 and that the only asteroids with S/N > 5 in
RA23HDEC-25are (13) Egeria and (22) Kalliope with S/N ∼13.5
and ∼10.7, respectively. We performed the differencing and co-
adding procedures described in Section 4 on all136 selected
objects in our fields, and we were indeed able to detect only those
three asteroids with high significance. The rest of this section will
focus on those three asteroids.

(324) Bamberga is a large MBA with an effective body
diameter of 220.7 km (Masiero et al. 2014). We observe (324)
Bamberga inRA13HDEC-25 during 115 observations between
2016 February 13 and 2016 March 22 with a mean observing
geometry of 3.58 au solar distance, 2.78 au Earth distance, and
10°. 2 solar phase angle. Its trajectory during this time is plotted
in Figure 3, and details of observation geometries are included
in Appendix A. Using the methods described in Section 4, we
co-add observationsmade during this time, and we show
cutouts of the resulting maps in Figure 4. From these maps, we
detect the asteroid with S/N = 4.1 and 11.2 and record an
average flux of 16.0 ± 3.9 and30.6 ± 2.7 mJy,at 3.2 and
2.0 mm, respectively,corresponding to a spectral index of
1.5 ± 0.6. The measuredaverage flux levels are roughly
consistentwith those predicted by the NEATM,as shown in
Table 1. We calculate the expected mean flux density, effective
emissivity,and brightness temperature in Table 1 using 0.89
for the NEATM beaming parameter, as reported by NEOWISE
(Mainzer et al. 2019). Its light curve is plotted along with flux
predicted by the NEATM in Figure 5.We detectvariation in
the light curve of the form predicted by the NEATM with a χ2

53 We note thatwe could restore nearly fullsensitivity to changing asteroid
brightness by analyzing single telescope scans individually,as was done in
Guns et al. (2021), but the scaling arguments above imply this would not
improve our sensitivity to asteroid brightness changes in any material way.
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difference of 5.08 compared to a constant flux model,
corresponding to a p-value of 0.0014.

(13) Egeria is a large MBA with an effective body diameter of
202.6 km (Nugentet al. 2015). We observe (13) Egeria in
RA23HDEC-25during 45 observations from 2015 October 29 until
it exits the field on 2015 November 5 with a mean observing
geometry of 2.68 au solar distance,2.02 au Earth distance,and
18°. 2 solar phase angle. Its trajectory during this time is plotted in
Figure 3, and details of observation geometries are included in
Appendix A. We show cutouts of the averaged observation maps
in Figure 4. From these maps,we detectthe asteroid with S/
N = 1.7 and 10.4 and record an average flux of 11.6 ± 6.9 and
44.5 ± 4.3 mJy, at 3.2 and 2.0 mm, respectively, corresponding
to a spectral index of 3.1 ± 1.4. Note that unlike (324) Bamberga

and (22) Kalliope, NEOWISE was unable to fit a value for the
NEATM beaming parameter for (13) Egeria,so we use their
assumed value of 0.95 to calculate expected mean flux density,
effective emissivity, and brightnesstemperature in Table 1
(Mainzer et al. 2019). The measured average flux level at 2.0 mm
is roughly consistentwith that predicted by the NEATM, as
shown in Table 1. Its light curve is plotted along with flux
predicted by the NEATM in Figure 5. Egeria’s light curve shows
a mild preference for flux change opposite to the NEATM
prediction, but this measurement is not statistically significant.

(22) Kalliope is a large MBA with an effective body
diameter of 167.5 km (Masiero etal. 2014).We observe (22)
Kalliope in RA23HDEC-25during 100 observations from 2015
October 29 until it exits the field on 2015 November 26 with a

Figure 2. Predicted asteroid S/N at 2.0 mm in theRA13HDEC-25 andRA23HDEC-25 fields.We base these predictions on the number of observations in which the
asteroid is present in the field as well as the mean asteroid flux modeled by STM at 2.0 mm during those observations. Each point in the plot represents an asteroid
present in the field during at least one observation.The dotted lines trace out levels of constant S/N at values equal to 1,5, and 10.

Figure 3. Trajectories of (324) Bamberga throughRA13HDEC-25(top panel) and (13) Egeria and (22) Kalliope throughRA23HDEC-25(bottom panel). The shaded gray
regions represent the field boundaries. The dotted and dashed lines represent the asteroids’ long-term trajectories, which trace out loops due to parallax motion. Each
colored dotrepresents the asteroids’ positions atthe time of an observation of the field.The size of each dotrepresents flux density at2.0 mm predicted by the
NEATM. The stars and arrows point toward the mean locations of the Sun during the observation periods.
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Figure 4. Mean flux measurements of (324) Bamberga (top horizontal panels), (13) Egeria (middle horizontal panels), and (22) Kalliope (bottom horizontal panels) at
3.2 mm (left vertical panels) and 2.0 mm (right vertical panels). Color scales for (13) Egeria and (22) Kalliope at 3.2 mm are set at 4σ levels; the rest peak near the
mean flux values detected for each asteroid.

Table 1
Asteroid Detections and Constrained Properties

(324) Bamberga (13) Egeria (22) Kalliope
3.2 mm 2.0 mm 3.2 mm 2.0 mm 3.2 mm 2.0 mm

Measured S/N 4.1 11.2 1.7 10.4 −0.8 6.1
Measured mean flux (mJy) 16.0 ± 3.9 30.6 ± 2.7 11.6 ± 6.9 44.5 ± 4.3 −3.1 ± 4.0 16.5 ± 2.7
Predicted mean flux (mJy) 11.8 28.1 20.7 49.6 10.7 25.6
Predicted flux range (mJy) 9.3–11.9 22.2–28.5 17.1–21.4 40.8–51.4 9.2–11.2 21.9–26.7
Effective emissivity 1.36 ± 0.33 1.09 ± 0.10 <1.23 0.90 ± 0.09 <0.46 0.64 ± 0.11
Brightness temperature (K AU1/2) 546.9 ± 132.9 438.4 ± 38.4 <488.1 356.7 ± 33.5 <176.9 246.6 ± 39.6
Max. modulation amplitude L <33.6% L <43.3% L <73.2%
Spectral index 1.5 ± 0.6 3.1 ± 1.4 >1.8

Note. Measurements of flux density and S/N, predictions of flux density, and measurements of or limits on effective emissivity, brightness temperature as a function
of solar distance, and light-curve modulation amplitude for the three asteroids inRA13HDEC-25andRA23HDEC-25with S/N > 5. We calculate the predicted mean flux
using the NEATM,while we calculate the lower and upper values of the predicted flux range with the FRM and STM,respectively.We report ± values with 1σ
significance and upper limits with 2σ significance.Uncertainties reported in this table are pure statisticaluncertainties and should be added in quadrature with
subdominant systematic uncertainties.The lower limit on the spectral index for (22) Kalliope is estimated using upper and lower 2σ flux measurements at 3.2 and
2.0 mm,respectively.
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mean observing geometry of2.76 au solardistance,2.25 au
Earth distance, and 19°. 5 solar phase angle. Its trajectory during
this time is plotted in Figure 3, and details of observation
geometries are included in Appendix A.We show cutouts of
the averaged observation maps in Figure 4.From these maps,
we detect the asteroid with S/N = 6.1 at 2.0 mm and record an
averageflux of −3.1 ± 4.0 and 16.5 ± 2.7 mJy,at 3.2 and
2.0 mm, respectively, corresponding to an estimated lower limit
on the spectral index of 1.8 at 2σ significance. We calculate the
expected mean flux density,effective emissivity,and bright-
ness temperature in Table 1 using 1.081 for the NEATM

beaming parameter,as reported by NEOWISE (Mainzer et al.
2019). The measured average flux level at 2.0 mm is consistent
with that predicted by the NEATM and an effective emissivity
of 0.64 ± 0.11,as shown in Table 1. (22) Kalliope has the
lowest effective emissivity of the three asteroids,and the
calculated upperlimit on effective emissivity at 3.2 mm is
significantly lower than that calculated at 2.0 mm. Its light
curve is plotted along with flux predicted by the NEATM in
Figure 5. The light curve does not show evidence of brightness
modulation beyond a constant model.

(22) Kalliope is part of a binary system with its satellite
Linus. Studies of (22) Kalliope report that Linus is dimmer by a
factor of 25 ± 5, so we ignore the contribution of Linus to
mean flux (Margot & Brown 2003).

When we compare the light curves plotted in Figure 5 with
NEATM predictions,we calculate excess variance beyond the
model. This excess variance in asteroid lightcurves suggests
that we may be missing something in either our flux
calculations orour model, but we are confident that this is
not due to day-to-day calibration given our checks described in
Section 2.3.2. We perform a check by creating light curves of
null off-targetpixels from differenced maps,and we confirm
that these light curves are statistically consistent with zero.

Because we detectthe mean flux from these three asteroids
with a high S/N at 2.0 mm, we also study their light curves at this
wavelength in an attemptto detectthe effectof rotation. We
calculate a Lomb–Scargle periodogram for each light curve, and
we do not detect significant periodicity in any of the three. We
then adoptexternalconstraints on the rotationalperiod of the
asteroids and attemptto detect the modulation effect in folded
light curves.We assume rotational periods based on published
observations at other wavelengths reported by the Minor Planet
Center’s Asteroid Lightcurve Database (LCDB) (Warner etal.
2009). We assume that (324) Bamberga rotates with a rotational
period of 29.43 hr, (13) Egeria with a rotational period of 7.045
hr, and (22) Kalliope with a rotational period of 4.1483 hr. We
fold the light curve on the rotational periods and show the
resulting phased lightcurves in Figure 6.None of these light
curves modulate enough at 2.0 mm to detect within our
sensitivity, and we use that fact to set limits on maximum
possible modulation amplitude, which we list in Table 1.

6. Discussion
We measured mean flux densities for (324) Bamberga and

(13) Egeria thatwere relatively close to NEATM predictions.
Meanwhile, we measured mean flux densities for (22) Kalliope
well below the predicted values.

This discrepancy may be explained by considering the
asteroids’ compositions and physicalproperties.For instance,
radar albedo measurementscan inform knowledge of near-
surface density and porosity.In general,lower radar albedo is
correlated with lower density or higher porosity,and asteroids
of similar classification have similar radar albedo. (22)
Kalliope, an M-type asteroid, has a radar albedo around
0.18 ± 0.05 (Shepard etal. 2015),consistentwith an average
0.294 ± 0.135 forother M types (Virkki et al. 2014). Given
(22) Kalliope’s relatively high bulk density of about 3.4 g cm−3

(Descamps etal. 2008), this suggests ithas a porous surface
composed of a mixture of silicates and iron. (324) Bamberga, a
C-type asteroid, and (13) Egeria, a G-type asteroid, have much
lower radar albedos of 0.031 ± 0.009 and 0.059 ± 0.023,
respectively (Magri et al. 2007). This suggeststhat (324)

Figure 5. Light curves of (324) Bamberga (top panel),(13) Egeria (middle
panel), and (22) Kalliope (bottom panel) at 2.0 mm. The dashed red lines
representNEATM predictions for flux density. (324) Bamberga is the only
asteroid for which we detect statistically significant variation in the light curve
of the form predicted by the NEATM.
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Bamberga and (13) Egeria have lower near-surface density or
higher porosity than (22) Kalliope.

Consider also the thermal inertia, Γ, of an object, defined as

Ck , 3r =G ( )

where ρ is the object’s density, C is the object’s heat capacity, and
k is the object’s thermalconductivity.Greaterthermalinertia
correspondswith an object’s greaterresistance to changing
temperature.(22) Kalliope’s higher near-surface density than
(324) Bamberga and (13) Egeria suggests a higher thermal inertia.
Indeed,studieshave shown that M-type asteroidslike (22)
Kalliope in general have much higher values of thermal inertia
than other carbonaceous asteroids like (324) Bamberga and (13)
Egeria (Opeil et al. 2010). (22) Kalliope’s greater thermal inertia
may impact its millimeter flux in two particular ways.

One effect of greater thermal inertia is that the resistance to
changing temperature causes less diurnal temperature variation:
the asteroid’s dayside has a lowertemperature and therefore

decreased radiated flux,and the asteroid’s nightside has a
higher temperatureand therefore increasedradiated flux.
Overall, this effect leads to a net decrease in expected flux
for most objects viewed atless than a 90° solar phase angle,
i.e., those objects with a solar distance greater than 1 au like the
vast majority of objects potentially analyzed with SPT data.
Flux models like the NEATM and STM assume the case of low
thermal inertias, in which one subsolar point reaches maximum
temperatureequivalent to a nonrotating body. The FRM
assumes the case of large thermal inertia, wherein the asteroid’s
whole equatorreaches maximum temperature as the asteroid
rotates.We can estimate how wellwe expectthe NEATM to
predictflux densities by calculating the thermalparameter Θ
as defined by Spencer et al.(1989):

T
, 4
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3
w

s
 =Q
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where ω is angular rotational frequency, ò is emissivity, σ is the
Stefan–Boltzmann constant,and Tss is subsolar temperature.
Small Θ values (∼0) suggest high diurnal temperature variation
akin to STM and NEATM predictions, while large Θ values
(roughly 10) suggestlow diurnal temperature variation akin
to FRM predictions.

It is tempting to explain (22) Kalliope’s lower flux as caused
by low diurnal temperature variation.We can approximate
emissivity around 0.9, subsolar temperature around 222 K from
the NEATM, and upper limit on the thermal inertia of
250 Jm−2 K−1 s−1/2 from Marchis et al. (2012) to find that
(22) Kalliope could have Θ ∼ 9. This value would be even
higher assuming a lower surface temperature or emissivity. We
expect that (324) Bamberga and (13)Egeria would have a
much lower thermal parameter given that we expect they have
lower thermal inertia and that their rotational periods are
roughly 7 and 2 times as long as (22) Kalliope’s, respectively.
This calculation suggests that(22) Kalliope may have much
lower diurnal temperature variation than the NEATM might
predict.However,this cannotaccountfor the entirety of (22)
Kalliope’s lower effective emissivity given thatour measured
mean flux is significantly lower than the bound predicted by
the FRM.

Furthermore,it is even clearer that rotational effects cannot
solely explain (22) Kalliope’s lower effective emissivity when
its spin axis orientation is considered. The Database of Asteroid
Models from Inversion Techniques (DAMIT)54 is a database of
three-dimensionalmodels for many asteroids,including (22)
Kalliope (Sidorin & Kaasalainen, M 2010). (22) Kalliope’s
proposed shape models suggesta spin axis with an ecliptic
latitude of 3° and ecliptic longitude of 196° (Kaasalainen et al.
2002; Ďurech etal. 2011; Hanuš etal. 2017; Vernazza etal.
2021). This low ecliptic latitude means (22) Kalliope has a
large axial tilt relative to its orbital axis. Given our viewing
geometry,(22) Kalliope’s subsolar pointand rotationalnorth
pole are both near each other and visible to the observer. This
geometry suggeststhat the same areasof (22) Kalliope’s
surface are being heated consistently.

Another effect of greater thermal inertia is that the resistance
to changing temperature meansthat the subsurface regions
from which millimeter emission originatesmay be cooler,
causing a lower measured millimeter flux.Although this is a
possible explanation for the observed flux from (22) Kalliope,

Figure 6. Phased lightcurves of (324) Bamberga (top panel),(13) Egeria
(middle panel),and (22) Kalliope (bottom panel) at2.0 mm,folded over the
rotationalperiod and scaled to mean observed solar distance,Earth distance,
and solar phase angle as described in Section 4. The dotted blue lines represent
the sinusoidalfunction thatbestfits the data,although none of these fits are
statistically significant. The sinusoidal periods are constrained to half the
rotational periods,but the amplitudes and phases are free parameters.

54 https://astro.troja.mff.cuni.cz/projects/damit/
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it is also unlikely given that the same areas of (22) Kalliope’s
surface are being heated consistently.

Alternatively, scattering by surface particles may explain (22)
Kalliope’s lower measured millimeter flux.For instance,(16)
Psyche is another M-type asteroid that has a comparable surface
and was analyzed in detail at around 1.3 mm by de Kleer et al.
(2021). They found (16) Psyche had a millimeter emissivity of
0.61 ± 0.02, which they attributed to a highly scattering surface,
and they ruled out the possibility that this measurementwas
caused by cooler subsurface emission.To definitively draw
similar conclusions for (22) Kalliope, we would need to conduct
more advanced thermophysicalmodeling beyond the scope of
this analysis,which attempted primarily to testour ability to
make these mm flux measurements. Nevertheless, it is reassuring
that our measurementsof (22) Kalliope are comparable to
modern measurementsat millimeter wavelengthsof other
asteroids with comparable surface composition.

To interpret our limits on rotational light-curve amplitude in
context, we consider previous measurements of these asteroids’
light curves and shapes.Shape models for allthree asteroids
were recently created by Vernazza et al. (2021) including
measures of their elliptical-model-based eccentricities c/a, and
maximum light-curve modulation is reported on the LCDB.
(324) Bamberga is fairly round with a reported c/a of
0.96 ± 0.05, so we should expect a small value for modulation
amplitude.Indeed,the maximum flux modulation amplitude
reported on the LCDB is 12%. (13) Egeria is notably more
irregular in shape and has a reported c/a of 0.76 ± 0.06.
Maximum flux modulation amplitude reported on the LCDB is
as great as 54%, though some reports are lower than that. Many
of these observations also show a notably asymmetric light
curve,which hurts our assumption thatexpected folded light-
curve modulation will be purely sinusoidal.Nevertheless,a
pure sinusoid should stillmatch the modulation to firstorder.
(22) Kalliope is the most elliptical of the three asteroids with a
reported c/a of 0.59 ± 0.02, so depending on viewing
geometry we could expectthe largest value for modulation
amplitude from this object. Maximum flux modulation
amplitudes reported on the LCDB are as great as 63%, though
these also vary. However, given the orientation of (22)
Kalliope’s spin axis as explained before,we should expectto
measure a very small modulation amplitude.Even without
considering spin axis orientation for any of our three measured
asteroids, our limits on modulation amplitude are less
restrictive than those previously determined by others.

7. Predicted Asteroid Detections for Other SPT Surveys
As described in Section 2.1, the SPT has been equipped with

three separate cameras over its lifetime: SPT-SZ,SPTpol,and
SPT-3G.With SPT-SZ, observations were made ofa patch-
work of many fields to comprise its survey.With SPTpol and
SPT-3G,observations were made of main,deep fields during
australwinters and various otherfields for shorterdurations
during australsummers.We refer to all observations made to
date collectively as the SPT’s historic data,while we refer to
future observations planned with the SPT-3G camera as the
SPT’s future data.Using the methods described in Section 3,
we compile lists of all asteroids presentin historic and future
data and predict their S/N.We show all objects we expect to
observe in Figure 7 and summarizethese predictions in
Table 2. We provide detailed field boundaries,observation
periods,and object lists in Appendix B.

We note that the SPT-3G camera has higher instantaneous
sensitivity than the SPT-SZ and SPTpol cameras, so we expect to
measure more asteroids and at improved sensitivities in SPT-3G
data.We expectthat the improved sensitivity willallow us to
place tighter constraints on both mean flux measurements and
modulation amplitudesof folded light curves.For a rough
estimation,our ability to constrain modulation amplitudes will
depend on the S/N available in roughly one-fourth of an object’s
rotation period, which is roughly one-half of the S/N shown in
Figure 7.

7.1. Validation of Prediction Model with SPT-3G 1500d Data
As shown in Appendix B, we should see two asteroids at high

S/N in the SPT-3G main survey field during the 2020 austral
winter. Since maps were generated following each observation of
the SPT-3G survey field as part of an online data-quality
monitoring pipeline, it was straightforward to extract thumbnail
maps around the locations of the asteroids using methods similar
to those in Section 4. We constructed a proof-of-concept pipeline
for SPT-3G,and although the pipeline was separate,it was
similar in construction and methodology to the pipeline used for
the detections in SPTpol data.

We report the mean fluxes and S/Ns for the two asteroids with
predicted S/N > 5 at2.0 mm in the 1500 deg2 survey region
during the austral winter 2020. We observe (1093) Freda in 297
observations and measure a mean flux density of6.3 ± 0.6,
18.7 ± 0.8, and 43.0 ± 3.3 mJy at 3.2, 2.0, and 1.4 mm
respectively,corresponding to an S/N of 10.6,22.9,and 13.1.
We observe (772) Tanete in 156 observations and measure a
mean flux density of 4.4 ± 0.7, 10.7 ± 1.9, and 27.1 ± 6.0 mJy at
3.2, 2.0, and 1.4 mm respectively,corresponding to an S/N of
6.5, 5.6, and 4.5. We show co-added observation maps of these
asteroids in Figure 8.

8. Conclusion
In this work, we have demonstrated that we are able to detect

asteroids in millimeter observations of the sky made with the
SPT,and we show thatwe will detecteven more asteroids in
other historic and future data from the SPT.Using maps from
repeated observations of the same area of the sky over the course
of months,we measure three asteroids,(324) Bamberga,(13)
Egeria, and (22) Kalliope, at wavelengths of 3.2 and 2.0 mm with
the SPTpol camera, and we report measurements of the asteroids’
mean fluxes at2.0 mm with an S/N of 11.2, 10.5, and 6.1,
respectively. We also report measurements of (324) Bamberga at
3.2 mm with an S/N of 4.1. Although others have studied
asteroid thermal emission at mm wavelengths,this work is the
first focused analysis of asteroid flux using data taken with the
primary science goal of characterizing the CMB.

Observing asteroids with CMB survey data expands the breadth
of two separate fields of astronomy. CMB survey scientists can
now include asteroid science as part of their data analysis, and they
have more scientific use for their historic data. They may perform
more focused studiesof asteroidsin the future, potentially
including near-Earth asteroids thatpass through survey fields.
Meanwhile, asteroid scientists now have access to more data on
the thermal emission of asteroids.They can make use of
measurements in mm wavelengths made using CMB experiments,
especially asthe instantaneoussensitivity of CMB cameras
improves and allows more precise time-domain astronomy.
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Our measurementsin millimeter wavelengthscome at an
important time for asteroid scientists,when studies like Keihm
et al. (2013) suggesta paradigm shiftin the understanding of
asteroid regolith temperatures. We measured the flux from (324)
Bamberga to moderate significance at 3.2 mm and high
significance at 2.0 mm and found flux densities consistent with
model predictions.We measured the flux from (13) Egeria to
high significance at 2.0 mm, and we used the lack of a detection at
3.2 mm to place limits on its brightness temperature and effective
emissivity at this wavelength. We measured the flux from (22)
Kalliope to moderate significance at2.0 mm and showed a
significantdecrease in millimeter flux at3.2 mm compared to
2.0 mm,consistent with previous studies of other large MBAs
suggesting a decreasein flux at longer wavelengths.Our

measurements willhelp place limits on the thermalproperties
and composition of these asteroids’ regoliths.

With historic and future data,we expect to observe 34 total
asteroids,including very precise measurements of(2) Pallas
and (344) Desiderata;multiple measurements of (31) Euphro-
syne, (154) Bertha, (326) Tamara,(705) Erminia, and (772)
Tanete; and measurementsof (617) Patroclus,a target of
NASA’s Lucy mission (Levison et al.2021).

Using data from SPTpol, we made significant measurements of
(13) Egeria and (22) Kalliope at only one wavelength, and we did
not have high enough sensitivity in individualobservationsto
describe lightcurves to high accuracy.However,SPT-3G will
improve on both of these limitations with its higher sensitivity and
third wavelength band, as shown by the detections of (772) Tanete
and (1093) Freda. SPT-3G’s higher sensitivity will also allow us to
observe fainter objects than with SPTpol. In fact, SPT-3G and other
future CMB surveys may have to mask asteroids during transient
source analysis,since as of the writing of this paper,objects like
(344) Desiderata are bright enough to trigger the SPT-3G transient
alertsystem.Furthermore,many of the asteroids detectable with
SPT-3G will be observed for longer periods of time than those with
SPT-SZ or SPTpol.The longer observation timesand higher
instantaneous sensitivity of SPT-3G will allow us to place tighter
constraintson modulation amplitudefor those asteroids,and
potentially to detect modulations of more than a few percent. With
SPT-3G sensitivity,we will be able to observe more asteroids at
more wavelengths, and, for many of them, over longer times.

By repurposing historic and future data from the SPT,we
will observe asteroids withoutneeding to dedicate telescope
observation time to do so.The measurements we make will

Figure 7. Objects with predicted S/N > 3 at 2.0 mm in all historic and planned future SPT data. We expect to observe (2) Pallas, plotted off scale, with a mean flux
density near 650 mJy.

Table 2
Summary of Predicted Detections

Objects with
Survey Predicted S/N > 3

SPT-SZ 4
SPTpol deep (“500d”) field 2
SPTpol Summer Fields 12
SPT-3G deep (“1500d”) field 14
SPT-3G summer fields 10

Note. Summary of the estimated number of detectable asteroids at 2.0 mm in
completed historicaland planned future surveys using the SPT.The SPTpol
and SPT-3G deep fields are those main fields observed during austral winters,
while the summer fields are those other fields observed during austral summers.
Details are included in Appendix B.
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provide new constraints on the thermal properties and
compositions of asteroid regoliths.
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Appendix A
Observation Geometries

This section describes details of the observation geometries
for the three asteroids analyzed in Section 5. Figure 9 shows the
asteroids’ solar distance,earth distance,and solar phase angle
during observations.This information was queried from JPL
HORIZONS.

Figure 8. Mean flux measurements of (772) Tanete (top horizontal panels) and (1093) Freda (bottom horizontal panels) at 3.2 mm (left vertical panels), 2.0 mm (middle
vertical panels), and 1.4 mm (right vertical panels). These measurements were taken with the SPT-3G camera in the main survey field during the 2020 austral winter.

Figure 9. Observation geometries for (324) Bamberga (top panel), (13) Egeria
(middle panel),and (22) Kalliope (bottom panel).Each pointrepresents one
observation. Solar distance re and Earth distance r⊕ are plotted in astronomical
units, and solar phase angle α is plotted in degrees.55 https://orcid.org/0000-0002-7245-4541
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Appendix B
Asteroids in Historic Data

This section contains a detailed definition of each observa-
tion field’s boundaries,time range, mean solar R.A., and

objects present for all historic and planned future observations
using the SPT-SZ,SPTpol,and SPT-3G cameras,constructed
using the methods described in Section 3. We plot the results in
Figure 7 and list details in Tables 3–5,respectively.

Table 3
Detections at 2.0 mm Predicted with SPT-SZ

Mean Solar Objects with Predicted
Field Name R.A. (°) Decl. (°) Time Range R.A. (°) Predicted S/N >3 S/N

RA5H30DEC-55 [75, 90] [−60, −50] 2008 Feb 13–2008 Jun 5 19 L L
RA5H30DEC-55 [75, 90] [−60, −50] 2011 Jan 13–2011 Feb 20 314 L L
RA5H30DEC-55 [75, 90] [−60, −50] 2011 Aug 23–2011 Aug 24 152 L L
RA5H30DEC-55 [75, 90] [−60, −50] 2011 Sep 22–2011 Oct 4 184 L L
RA5H30DEC-55 [75, 90] [−60, −50] 2011 Oct 20–2011 Nov 13 216 L L
RA23H30DEC-55 [345, 360] [−60, −50] 2008 May 27–2008 Sep 25 125 L L
RA23H30DEC-55 [345, 360] [−60, −50] 2010 Apr 15–2010 May 13 36 L L
RA21HDEC-60 [300, 330] [−65, −55] 2009 Jan 31–2009 Jul 1 26 L L
RA3H30DEC-60 [30, 75] [−65, −55] 2009 Feb 4–2009 Mar 30 344 L L
RA21HDEC-50 [300, 330] [−55, −45] 2009 Jul 23–2009 Aug 10 131 (705) Erminia 8.4
RA21HDEC-50 [300, 330] [−55, −45] 2009 Sep 1–2009 Nov 10 192 L L
RA4H10DEC-50 [50, 75] [−55, −45] 2010 Feb 3–2010 Apr 13 349 L L
RA0H50DEC-50 [0, 25] [−55, −45] 2010 May 13–2010 Jun 18 68 L L
RA2H30DEC-50 [25, 50] [−55, −45] 2010 Jun 19–2010 Jul 28 107 L L
RA1HDEC-60 [0, 30] [−65, −55] 2010 Jul 29–2010 Sep 11 149 L L
RA5H30DEC-45 [75, 90] [−50, −40] 2010 Oct 7–2010 Nov 5 206 L L
RA6H30DEC-55 [90, 105] [−60, −50] 2010 Oct 7–2010 Nov 13 210 L L
RA6H30DEC-55 [90, 105] [−60, −50] 2011 Mar 9–2011 Mar 23 355 L L
RA6H30DEC-55 [90, 105] [−60, −50] 2011 Jul 15–2011 Jul 17 115 L L
RA23HDEC-62.5 [330, 360] [−65, −60] 2010 Sep 12–2010 Oct 6 181 L L
RA23HDEC-62.5 [330, 360] [−65, −60] 2010 Apr 24–2010 Jul 15 72 L L
RA21HDEC-42.5 [300, 330] [−45, −40] 2010 Sep 12–2010 Oct 7 181 (31) Euphrosyne 20.1

(154) Bertha 15.7
RA21HDEC-42.5 [300, 330] [−45, −40] 2010 Apr 21–2010 Jul 14 70 L L
RA22H30DEC-55 [330, 345] [−60, −50] 2010 Sep 12–2010 Oct 5 180 L L
RA22H30DEC-55 [330, 345] [−60, −50] 2010 Apr 11–2010 Apr 21 24 L L
RA22H30DEC-55 [330, 345] [−60, −50] 2010 May 13–2010 Jul 10 79 L L
RA23HDEC-45 [330, 360] [−50, −40] 2010 Sep 12–2010 Oct 5 180 (31) Euphrosyne 13.3

(772) Tanete 6.0
RA23HDEC-45 [330, 360] [−50, −40] 2011 Mar 24–2011 Apr 11 11 L L
RA23HDEC-45 [330, 360] [−50, −40] 2011 May 13–2011 Jul 17 82 L L
RA6HDEC-62.5 [75, 105] [−65, −60] 2010 Sep 12–2010 Oct 7 181 L L
RA6HDEC-62.5 [75, 105] [−65, −60] 2011 Jan 11–2011 Feb 28 317 L L
RA3H30DEC-42.5 [30, 75] [−45, −40] 2010 Sep 12–2010 Oct 9 182 L L
RA3H30DEC-42.5 [30, 75] [−45, −40] 2011 Mar 1–2011 Mar 9 345 L L
RA3H30DEC-42.5 [30, 75] [−45, −40] 2011 Jul 17–2011 Aug 27 136 L L
RA1HDEC-42.5 [0, 30] [−45, −40] 2010 Sep 12–2010 Oct 6 181 L L
RA1HDEC-42.5 [0, 30] [−45, −40] 2011 Aug 28–2011 Sep 19 166 L L
RA1HDEC-42.5 [0, 30] [−45, −40] 2011 Oct 5–2011 Oct 8 192 L L
RA6H30DEC-45 [90, 105] [−50, −40] 2010 Sep 12–2010 Oct 3 179 L L
RA6H30DEC-45 [90, 105] [−50, −40] 2011 Sep 19–2011 Oct 28 194 L L
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Table 4
Detections at 2.0 mm Predicted with SPTpol

Mean Solar Objects with Predicted
Field Name R.A. (°) Decl. (°) Time Range R.A. (°) Predicted S/N >3 S/N

RA23H30DEC-55(100d) [345, 360] [−60, −50] 2012 Feb 17–2012 Nov 21 103 L L
RA23H30DEC-55(100d) [345, 360] [−60, −50] 2013 Feb 8–2013 Apr 30 0 L L
RA0HDEC-57.5 (500d) [−30, 30] [−65, −50] 2013 Apr 30–2013 Nov 27 141 L L
RA0HDEC-57.5 (500d) [−30, 30] [−65, −50] 2014 Mar 25–2014 Dec 12 130 L L
RA0HDEC-57.5 (500d) [−30, 30] [−65, −50] 2015 Mar 27–2015 Oct 26 109 (772) Tanete 6.9
RA0HDEC-57.5 (500d) [−30, 30] [−65, −50] 2016 Mar 23–2016 Sep 8 84 (326) Tamara 35.0
RA0P75HDEC-31(KiDS) [−30, 52.5] [−36, −26] 2016 Sep 9–2016 Nov 15 198 (31) Euphrosyne 26.5

(154) Bertha 11.3
(451) Patientia 30.0
(521) Brixia 12.3
(532) Herculina 9.6
(680) Genoveva 5.4
(751) Faina 8.1

RA1HDEC-25 [0, 30] [−30, −20] 2015 Dec 1–2016 Feb 1 280 L L
RA1HDEC-35 [0, 30] [−40, −30] 2014 Jan 12–2014 Feb 4 305 L L
RA1HDEC-35 [0, 30] [−40, −30] 2015 Dec 22–2015 Dec 23 270 L L
RA3HDEC-25 [30, 60] [−30, −20] 2014 Feb 22–2014 Mar 24 349 L L
RA3HDEC-25 [30, 60] [−30, −20] 2015 Feb 18–2015 Feb 27 335 L L
RA3HDEC-35 [30, 60] [−40, −30] 2014 Feb 4–2014 Feb 16 323 L L
RA3HDEC-35 [30, 60] [−40, −30] 2015 Feb 3–2015 Feb 23 326 L L
RA5HDEC-25 [60, 90] [−30, −20] 2015 Mar 1–2015 Mar 26 353 L L
RA5HDEC-35 [60, 90] [−40, −30] 2014 Feb 17–2014 Mar 7 339 L L
RA5HDEC-35 [60, 90] [−40, −30] 2015 Jan 22–2015 Jan 22 304 L L
RA11HDEC-25 [150, 180] [−30, −20] 2016 Jan 23–2016 Feb 12 315 L L
RA11HDEC-25 [150, 180] [−30, −20] 2016 Mar 7–2016 Mar 7 348 L L
RA13HDEC-25 [180, 210] [−30, −20] 2016 Feb 13–2016 Mar 22 344 (324) Bambergaa 16.3

(382) Dodona 3.1
RA23HDEC-25 [330, 360] [−30, −20] 2015 Oct 29–2015 Nov 29 255 (13) Egeriaa 14.2

(22) Kalliopea 13.2
RA23HDEC-35 [330, 360] [−40, −30] 2013 Nov 27–2014 Jan 11 267 (164) Eva 6.5
RA23HDEC-35 [330, 360] [−40, −30] 2015 Jan 26–2015 Feb 3 312 L L

Note.
a Focus of this paper’s analysis.

Table 5
Detections at 2.0 mm Predicted with SPT-3G

Mean Solar Objects with Predicted
Field Name R.A. (°) Decl. (°) Time Range R.A. (°) Predicted S/N >3 S/N

RA0HDEC-56 (1500d) [−50, 50] [−70, −42] 2019 Mar 21–2019 Dec 30 137 (413) Edburga 7.6
(705) Erminia 21.3

RA0HDEC-56 (1500d) [−50, 50] [−70, −42] 2020 Mar 23–2020 Nov 25 122 (772) Tanete 14.3
(1093) Freda 42.6
(2906) Caltech 3.4

RA0HDEC-56 (1500d) [−50, 50] [−70, −42] 2021 Mar 1–2021 Dec 1 114 (31) Euphrosyne 57.0
(344) Desiderata 123.1
(814) Tauris 19.0

RA0HDEC-56 (1500d)a [−50, 50] [−70, −42] 2022 Mar 22–2022 Nov 30 123 L L
RA0HDEC-56 (1500d)a [−50, 50] [−70, −42] 2023 Mar 22–2023 Nov 30 123 (247) Eukrate 18.6

(323) Brucia 4.9
(326) Tamara 40.6
(350) Ornamenta 12.9
(536) Merapi 9.3
(617) Patroclus 4.0

RA5HDEC-45.5 (western) [50, 100] [−63, −28] 2020 Feb 10–2020 Mar 22 342 L L
RA5HDEC-45.5 (western)b [50, 100] [−63, −28] 2021 Jan 12–2021 Feb 2 305 L L
RA5HDEC-45.5 (western) [50, 100] [−63, −28] 2021 Dec 25–2022 Feb 13 300 L L
RA5HDEC-45.5 (western)a [50, 100] [−63, −28] 2022 Dec 25–2023 Feb 13 300 (2) Pallas 214.6
RA1H40DEC-35(mid-north) [0, 50] [−42, −28] 2020 Dec 1–2021 Jan 21 275 L L
RA1H40DEC-35(mid-north) [0, 50] [−42, −28] 2021 Nov 30–2022 Jan 2 264 L L
RA1H40DEC-35(mid-north)a [0, 50] [−42, −28] 2022 Dec 1–2022 Dec 24 259 L L
RA12H30DEC-35(backside) [150, 225] [−42, −28] 2021 Feb 3–2021 Mar 21 339 (480) Hansa 3.5

(1266) Tone 4.0
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Table 5
(Continued)

Mean Solar Objects with Predicted
Field Name R.A. (°) Decl. (°) Time Range R.A. (°) Predicted S/N >3 S/N

RA12H30DEC-35(backside) [150, 225] [−42, −28] 2022 Feb 14–2022 Mar 21 344 (36) Atalante 6.4
(445) Edna 3.4
(773) Irmintraud 8.3

RA12H30DEC-35(backside)a [150, 225] [−42, −28] 2023 Feb 14–2023 Mar 21 344 (426) Hippo 27.9
(702) Alauda 11.0
(705) Erminia 13.6
(762) Pulcova 13.8

Notes.
a Planned future observations.
b Only the northernmost 7°. 5 observed.
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