
Draft version February 4, 2022
Typeset using LATEX twocolumn style in AASTeX63

Asteroid Measurements at Millimeter Wavelengths with the South Pole Telescope

P. M. Chichura,1, 2 A. Foster,3 C. Patel,4 N. Ossa-Jaen,5 P. A. R. Ade,6 Z. Ahmed,7, 8 A. J. Anderson,9, 2

M. Archipley,10, 11 J. E. Austermann,12, 13 J. S. Avva,14 L. Balkenhol,15 P. S. Barry,16, 2 R. Basu Thakur,2, 17

J. A. Beall,12 K. Benabed,18 A. N. Bender,16, 2 B. A. Benson,9, 2, 19 F. Bianchini,7, 20, 15 L. E. Bleem,16, 2

F. R. Bouchet,18 L. Bryant,21 K. Byrum,16 J. E. Carlstrom,2, 21, 1, 16, 19 F. W. Carter,16, 2 T. W. Cecil,16

C. L. Chang,16, 2, 19 P. Chaubal,15 G. Chen,22 H. C. Chiang,23, 24 H.-M. Cho,8 T-L. Chou,1, 2 R. Citron,22

J.-F. Cliche,25 T. M. Crawford,2, 19 A. T. Crites,2, 19, 26, 27 A. Cukierman,7, 8, 20 C. M. Daley,10 E. V. Denison,28

K. Dibert,19, 2 J. Ding,29 M. A. Dobbs,25, 30 D. Dutcher,1, 2 W. Everett,31 C. Feng,32 K. R. Ferguson,33 J. Fu,10

S. Galli,18 J. Gallicchio,2, 34 A. E. Gambrel,2 R. W. Gardner,21 E. M. George,35, 14 N. Goeckner-Wald,20, 7

R. Gualtieri,16 S. Guns,14 N. Gupta,15 R. Guyser,10 T. de Haan,36 N. W. Halverson,31, 37

A. H. Harke-Hosemann,16, 10 N. L. Harrington,14 J. W. Henning,16, 2 G. C. Hilton,28 E. Hivon,18 G. P. Holder,4

W. L. Holzapfel,14 J. C. Hood,2 D. Howe,22 J. D. Hrubes,22 N. Huang,14 J. Hubmayr,12 K. D. Irwin,7, 20, 8

O. B. Jeong,14 M. Jonas,9 A. Jones,22 T. S. Khaire,29 L. Knox,38 A. M. Kofman,39 M. Korman,3 D. L. Kubik,9

S. Kuhlmann,16 C.-L. Kuo,7, 20, 8 A. T. Lee,14, 40 E. M. Leitch,2, 19 D. Li,12, 8 A. Lowitz,2 C. Lu,4 D. P. Marrone,41

J. J. McMahon,2, 1, 19 S. S. Meyer,2, 21, 1, 19 D. Michalik,22 M. Millea,14 L. M. Mocanu,2, 19, 42 J. Montgomery,25

C. Corbett Moran,43 A. Nadolski,10 T. Natoli,2, 19 H. Nguyen,9 J. P. Nibarger,12 G. Noble,25 V. Novosad,29

Y. Omori,7, 20 S. Padin,2, 17 Z. Pan,16, 2, 1 P. Paschos,21 S. Patil,15 J. Pearson,29 K. A. Phadke,10 C. M. Posada,29

K. Prabhu,38 C. Pryke,44 W. Quan,1, 2 A. Rahlin,9, 2 C. L. Reichardt,15 D. Riebel,22 B. Riedel,21 M. Rouble,25

J. E. Ruhl,3 B. R. Saliwanchik,45, 46 J. T. Sayre,31 K. K. Schaffer,2, 21, 47 E. Schiappucci,15 E. Shirokoff,2, 19

C. Sievers,22 G. Smecher,48 J. A. Sobrin,1, 2 A. Springmann,49 A. A. Stark,50 J. Stephen,21 K. T. Story,7, 20

A. Suzuki,40 C. Tandoi,10 K. L. Thompson,7, 20, 8 B. Thorne,38 C. Tucker,6 C. Umilta,4 L. R. Vale,28 T. Veach,51

J. D. Vieira,4, 10, 11 G. Wang,16 N. Whitehorn,52, 33 W. L. K. Wu,7, 8, 2 V. Yefremenko,16 K. W. Yoon,7, 20, 8 and
M. R. Young27

1Department of Physics, University of Chicago, 5640 South Ellis Avenue, Chicago, IL, 60637, USA
2Kavli Institute for Cosmological Physics, University of Chicago, 5640 South Ellis Avenue, Chicago, IL, 60637, USA

3Department of Physics, Case Western Reserve University, Cleveland, OH, 44106, USA
4Department of Physics, University of Illinois Urbana-Champaign, 1110 West Green Street, Urbana, IL, 61801, USA

5Department of Physics, University of Redlands, 1267 East Colton Ave, Redlands, CA, 92374, USA
6School of Physics and Astronomy, Cardiff University, Cardiff CF24 3YB, United Kingdom

7Kavli Institute for Particle Astrophysics and Cosmology, Stanford University, 452 Lomita Mall, Stanford, CA, 94305, USA
8SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, CA, 94025, USA

9Fermi National Accelerator Laboratory, MS209, P.O. Box 500, Batavia, IL, 60510, USA
10Department of Astronomy, University of Illinois at Urbana-Champaign, 1002 West Green Street, Urbana, IL, 61801, USA

11Center for AstroPhysical Surveys, National Center for Supercomputing Applications, Urbana, IL, 61801, USA
12NIST Quantum Devices Group, 325 Broadway Mailcode 817.03, Boulder, CO, USA 80305

13Department of Physics, University of Colorado, Boulder, CO, USA 80309
14Department of Physics, University of California, Berkeley, CA, 94720, USA
15School of Physics, University of Melbourne, Parkville, VIC 3010, Australia

16High-Energy Physics Division, Argonne National Laboratory, 9700 South Cass Avenue., Argonne, IL, 60439, USA
17California Institute of Technology, 1200 East California Boulevard., Pasadena, CA, 91125, USA

18Institut d’Astrophysique de Paris, UMR 7095, CNRS & Sorbonne Université, 98 bis boulevard Arago, 75014 Paris, France
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ABSTRACT

We present the first measurements of asteroids in millimeter wavelength (mm) 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 one 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 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 suggest lower flux, corresponding to effective emissivities of 0.66± 0.11 at 2.0 mm and < 0.47
at 3.2 mm. We predict the asteroids detectable in other SPT datasets and find good agreement with
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 datasets for asteroid studies. Future
SPT measurements can help constrain the distribution of surface properties over a larger asteroid
population.

Keywords: asteroids, asteroid surfaces, millimeter astronomy, cosmic microwave background radiation

1. INTRODUCTION

Astronomers can learn about the evolution of our solar
system and its planets by studying the physical proper-

ties of asteroids (Michel et al. 2015). Astronomers typ-
ically observe asteroids at either optical or thermal in-
frared (IR) wavelengths; in these wavelength ranges, the
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asteroid flux densities are dominated by reflected solar
light and thermal emission, respectively. Astronomers
also study asteroids at sub-millimeter (submm), mil-
limeter (mm), and centimeter (cm) wavelengths, but
such studies are less frequent, despite the feasibility of
such measurements having been demonstrated as early
as the 1970s (Briggs 1973). These microwave observa-
tions provide information that optical and IR obser-
vations cannot. For instance, early observers at mi-
crowave wavelengths correctly understood that emission
from wavelengths longer than IR originated from mul-
tiple wavelengths into the “regolith,” i.e. the uncon-
solidated rocky surface, of the asteroid depending on re-
golith composition (Ulich & Conklin 1976; Conklin et al.
1977; Johnston et al. 1982). That is, the regolith be-
comes more transparent at longer wavelengths, so early
observers found they could measure thermal radiation
emitted from deeper under the asteroid’s surface.

Studies at IR wavelengths suggested that most large

asteroids had surface emissivities near unity, yet early
observations from submm to cm wavelengths measured
flux densities much lower than 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 et al. 1982; Webster et al.
1988). At the time, astronomers interpreted this lower

emissivity as an effective emissivity resulting from scat-
tering by grains within the regolith, which would make
it harder for photons to escape to the surface (Redman

et al. 1992). Astronomers used this interpretation to
place constraints on the composition and properties of
asteroids’ surfaces, and they continued interpreting as-
teroids in this way for decades, including in some re-

cent studies at these wavelengths that observe emissivity
drops as great as 40% (Müller & Barnes 2007; Moullet
et al. 2010).

However, there is mounting evidence that this inter-
pretation is incorrect. The European Space Agency’s
Rosetta is the first Solar System spacecraft mission that
includes instrumentation able to measure thermal fluxes
at IR, submm, and mm wavelengths. In 2008 and 2010,
Rosetta made close approaches to two asteroids, the lat-
ter of which was the large asteroid (21) Lutetia1 (Gulkis
et al. 2012). During this flyby, Rosetta also recorded a
decrease in flux at mm wavelengths, but more complex
modeling suggested that this was due to a large tem-

perature gradient in the outer regolith as opposed to
a wavelength-dependent emissivity (Keihm et al. 2012).

1 The naming convention of asteroids consists of an object’s Inter-
national Astronomical Union designation number in parentheses
followed by its name (if any).

Later, Keihm et al. (2013) applied their modeling to
thermal fluxes of other large asteroids to suggest an al-
together new interpretation of the observed decrease in
flux at longer wavelengths. They found that the de-
crease in flux could be explained by emissivities near
unity at all wavelengths combined with a significant
temperature gradient over depth, with temperatures as
much as 50-80 K lower several mm below the asteroid’s
surface.

The new interpretation suggested by Keihm et al.
(2013) represents a paradigm shift that would funda-
mentally alter the way astronomers examine asteroid
regolith composition. In order to expand on this work,
astronomers need more high-sensitivity measurements
of asteroids at submm to cm wavelengths, where ob-
servations exist for only a handful of large asteroids.
Recently, the Atacama Large Millimeter/submillimeter

Array (ALMA) has carried out dedicated studies of as-
teroids and other small Solar System bodies, including
asteroids (1) Ceres (Li et al. 2020), (3) Juno (The ALMA

Partnership et al. 2015), and (16) Psyche (de Kleer
et al. 2021), as well as Centaurs and trans-Neptunian
objects (Lellouch et al. 2017). Measurements like these

at submm to cm 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 cm—and ultimately can improve modeling
of surface properties, including thermal inertia and re-
golith roughness.

Instruments like ALMA can track celestial targets for
a short time with high sensitivity, but these instruments
are generally facilities which require proposals for use.
These facilities receive many observation requests, so

studying asteroids comes at a high opportunity cost.
However, astronomers can incur no opportunity cost if
they repurpose data from other types of observations
that happen to include asteroids. Sky surveys at mm
wavelengths fill this niche and are made frequently us-
ing telescopes designed 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 mm wavelengths when
we average maps of the sky centered on known aster-
oid locations. By showing this, we demonstrate that
historic and future data from CMB experiments can be
repurposed for observing asteroids. In Section 2, we de-
scribe 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
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Section 3, we explain the asteroid selection criteria in
historic data. In Section 4, we describe how we search
for the selected asteroids in our observations. In Sec-
tion 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 con-
tinuing this analysis on other data sets. We conclude in
Section 8.

Although the Planck collaboration has previously
published detections of asteroids in their analysis con-
necting dust observations to asteroid families (Cre-
monese et al. 2002; Planck Collaboration et al. 2014)
and the Atacama Cosmology Telescope (ACT) collab-
oration 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 de-
signed to measure the CMB. With continued analysis,

historic and future data measuring the CMB can provide
more observations of asteroids at submm and mm wave-
lengths. In particular, scientists can make these mea-
surements using a wealth of data provided by current

experiments, such as those on the SPT and the ACT,
as well as upcoming experiments like the Simons Ob-
servatory (SO) and CMB-S4 (Kosowsky 2003; Simons

Observatory Collaboration et al. 2019; Abazajian et al.
2016).

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 tele-
scope and both cameras, the method of data collection—
particularly as it pertains to the sensitivity to moving
objects—and the standard data analysis through the
mapmaking step. We describe the post-map process-
ing specific to asteroid detection and characterization in

Section 4.

2.1. Telescope and Cameras

The SPT is a mm/submm telescope with a 10-meter
primary mirror, installed at the National Science Foun-
dation 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 char-
acterizing the 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 near 2.0 mm
(150 GHz) and 360 sensitive to radiation in a band cen-
tered 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 ex-
pected from asteroids. These effective band centers may
shift slightly if we consider the drop in effective emissiv-
ity described in Section 1, but this shift would only min-
imally alter measured fluxes and effective emissivities.

We only use the total intensity information from SPT-
pol in this work. We can approximate the main lobes of
the SPTpol beams or point-spread functions in the two

bands by Gaussians with FWHM equal to roughly 1.′2
at 2.0 mm and 1.′6 at 3.2 mm. More details on SPTpol
can be found in Austermann et al. (2012) and Bleem

et al. (2012).
The SPT-3G camera replaced SPTpol on 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 pixel is coupled to two
(orthogonally polarized) detectors in each of the 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. As with SPTpol, we only use the total

intensity information from SPT-3G in this work. For
more details on SPT-3G, see Anderson et al. (2018) and
Sobrin et al. (2021).

2.2. Observations

The primary results in this work come from obser-
vations with the SPTpol camera of two sky regions:
“ra13hdec-25” centered at roughly right ascension
(R.A.) 13h, declination (decl.) −25◦, and “ra23hdec-

25” centered at roughly R.A. 23h, decl. −25◦. Each
field is 2h wide in R.A. and 10◦ tall in decl., covering
roughly 270 square degrees each. We note that these are
different from the primary SPTpol science field, a 500-
square-degree 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 conduct
a supplementary survey of other fields with relatively
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low Galactic foreground emission. This supplementary
survey is called the SPTpol Extended Cluster Survey
(ECS), the details of which can be found in Bleem et al.
(2020, hereafter B20). The ECS covers nearly 2800
square degrees; we concentrate on the two fields men-
tioned above because of their proximity to the Ecliptic
plane, as explained in Section 3.

Each of these two fields was observed for roughly one
month in either 2015 or 2016, on a roughly 2.5-hour ca-
dence, with a ∼4-hour pause every ∼24 hours for cycling
the helium adsorption refrigerator that cools the detec-
tors. The ra23hdec-25 field was observed from 2015
October 26 to 29 November 2015 then for one day in
2016 January. The ra13hdec-25 field was observed for
one day on 2016 February 13 then from 2016 February 23
through 2016 March 22. B20 estimates 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, corresponding
to 1σ point-source sensitivities of roughly 2 and 3 mJy

at 2.0 mm and 3.2 mm, respectively.
In Section 7, we perform a rough validation of pre-

dictions for asteroid yield in other surveys using 2020
data from the main SPT-3G science field, a 1500-square-

degree field centered at R.A. 0h, decl. −56◦ (a superset
of 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. TOD Filtering and Mapmaking

The maps used in this work were originally created
for use in the cluster-finding analysis of B20. For details

of the data processing used to make these maps, we re-
fer the reader to 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 suppress low- and
high-frequency noise and common-mode subtraction to
suppress atmospheric contamination. The sky location

to which each detector was pointed at each time sample
was then calculated and binned into 0.′25 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
represent both the telescope resolution effect and the
effect of the TOD filtering as multiplications in two-

dimensional Fourier space, and we refer to these as the
beam B(l) and the filter transfer function F (l), respec-
tively, where l ∈ {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 filter that, combined
with the azimuth-raster scan strategy and the polar tele-
scope 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 that acts
in map space as an isotropic high-pass with a cutoff of
roughly ` ≡ |l| = 300.

2.3.2. Calibration

Relative gains across the detector array and between
observations are measured using regular observations of
the Galactic HII region RCW38 and regular observa-
tions of an internal thermal calibration source. As in

B20, the absolute calibration of the map was derived by
comparing the full-season coadded maps with the Planck
map of the same field. The SPT-ECS fields were taken

at significantly higher levels of atmospheric loading com-
pared to other SPTpol survey data, and the resulting
larger change in detector loading with elevation necessi-

tated a further calibration step beyond a constant nor-
malization factor for 3.2 mm data. The 3.2 mm data
required this additional calibration step as the calibra-
tion was empirically found to vary significantly with el-

evation 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 B20 used the Planck

data to fit for and correct this variation across the fields.
Because we aim in this work to measure asteroid flux

density on an observation-to-observation basis, we also
compare individual observations with Planck data. We

find that the single-observation calibration varies signif-
icantly less than the noise on the measurement of any
asteroid in a single observation, and we ignore this as a
source of uncertainty in subsequent analysis. We also re-
peat the B20 comparison of the full-depth SPTpol maps
with Planck data and make small (∼5%-level) correc-

tions to the B20 absolute calibration.
The comparison to Planck yields a calibration at an-

gular scales where the CMB temperature anisotropy is
strongest (roughly degree scales), and transferring this
to a flux density scale requires accurate knowledge of
the beam and filtering. We verify our flux density cal-
ibration by comparing flux measurements of the source
J2258-2758 at 3.2 mm in ra23hdec-25 with the value
reported in the ALMA Calibrator Source Catalogue.2

2 https://almascience.nrao.edu/sc/
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This source is the only source recorded in the catalogue
during the observation periods of our fields. We found
that ALMA’s measurement was within ∼ 1 standard
deviation of our measurement from 5 observations near
ALMA’s observation date. Because we are primarily
checking for systematic failures in the beam and fil-
ter transfer function estimation, we take the success of
the verification at 3.2 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 system-
atic uncertainties. Uncertainty in 3.2 mm data from the
elevation-dependent recalibration done by B20 is around
5.9% (5.5%) for ra13hdec-25 (ra23hdec-25). Uncer-
tainty 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 further uncertainty re-
lated to the SPTpol beam 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% for the
3.2 mm data and 3% for the 2.0 mm data, which are

subdominant to noise fluctuations in observations of the
asteroids reported in Section 5.

3. SELECTING ASTEROIDS TO EXAMINE

Figure 1 shows a map of the Galactic dust emis-

sion from the Planck satellite, with the locations of the
SPTpol and SPT-3G observation fields and the eclip-
tic plane superimposed. Galactic emission can obscure

measurements of the CMB, so CMB survey designers
typically choose observation fields that avoid this emis-
sion. 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 asteroids. 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 asteroids present in those fields, we com-
piled 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 diam-
eter D, perihelion distance q, and minimum orbit inter-
section distance (MOID). Next, we estimated the maxi-

mum possible flux density of each of those objects with
the “Standard Thermal Model” (STM) developed by
Lebofsky et al. (1986). We considered maximum pos-
sible 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.” (The beaming pa-
rameter was originally included in the model 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. The parameter can
vary from asteroid to asteroid but is assumed constant
over wavelength, and the value of 0.756 was determined
empirically by Lebofsky et al. (1986) from thermal IR
measurements of (1) Ceres and (2) Pallas.) Finally, we
eliminated all asteroids for which the maximum possi-
ble 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 years of observing. How-

ever, we maintained all comets and near Earth objects
as potentially interesting objects regardless of maximum
possible flux. This resulted in a list of 5,885 objects of

interest.
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 Gins-
burg et al. (2019) to request data from online astro-
nomical databases and 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 ob-

jects by removing all those that were 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 ephemerides in the STM

to estimate the objects’ fluxes. Finally, we estimated
the expected noise levels by scaling the fully integrated
noise levels reported in B20 depending on the number

of observations in which each asteroid was present. We
computed a prediction of S/N by dividing each aster-
oid’s average flux density by its estimated noise level.
Although we attempted to detect all 136 objects that
passed through our fields, we only present results here
for those 3 asteroids with a predicted S/N at 2.0 mm
greater than 5.

We note that these predicted S/N values are likely up-
per limits due to multiple assumptions that affect the as-
teroids’ temperatures. For one, the STM models aster-
oid surface temperatures, and we expect that mm emis-
sion originates from cooler, subsurface regions (Keihm
et al. 2013). Likewise, the STM models the limit of a
non-rotating asteroid, in which case the asteroid reaches
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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.

maximum possible temperature, so we expect that a re-
alistic, rotating asteroid would be cooler.

4. METHODS FOR DETECTING ASTEROIDS AND
CONSTRAINING THEIR PROPERTIES

Using the methods of Section 3, we compile a list of as-

teroids 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 individual-

observation map, which were previously constructed
from ∼2.5-hr long observations of each field. We also

compare the apparent positions of bright extragalac-
tic sources in 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 “coadd” the individual-observation maps of each
field, excluding any observations that were outliers in
the distribution of map noise or astrometry. For details
on the coadding process, we refer readers to B20 and Ev-
erett et al. (2020). A coadded map measures the sky’s
average signal; each pixel’s value in the coadded map is
the average of that pixel from the input maps weighted
by inverse variance. Because the coadded maps are av-
erages, we retain power dominated by static sources,

but we average out power from variable sources and
moving sources, including asteroids in particular. Next,
we subtract the coadded map from each individual-
observation map to create “differenced maps.” Because
we subtracted off the power from static sources, these

differenced maps should contain only noise and flux

from transient and variable sources. When subtracting
the coadded map which includes transient and variable
sources, we do introduce a bias by removing some of the

sources’ power, but this bias is at the percent level since
no asteroid observation contributes more than ∼ 1.5%
to the coadded map. This bias would be much larger for

exceptionally slow moving asteroids, but in this work we
analyze asteroids moving quickly enough that this bias
is not concerning. Because our goal is to detect aster-
oids, 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 aster-
oids can move across the sky at angular speeds such
that the change in their position over an hour is com-
parable to the SPT beam size. Since each observation
lasts roughly 2 hours, 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 be-
fore 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 aster-
oid. First, we queried JPL HORIZONS Web-Interface
using astroquery to generate ephemerides for all aster-
oids at the 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
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JPL HORIZONS Web-Interface to obtain a more pre-
cise location. Given typical main belt asteroid (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 conduct multiple analyses on
these cutouts. To report mean flux measurements, we
coadd the cutouts and filter the coadded 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
measurements are in units of TCMB; i.e. map values
are expressed as equivalent fluctuations from the mean
CMB blackbody temperature of 2.726 K. We convert the
value of the center pixel to report flux density in units of
mJy. We calculate uncertainties and S/N by computing
the root mean square (rms) noise in areas of the coadded
cutout between 1.′5 and 15′ away from the asteroid. We

report our mean flux measurements in Section 5.
We can calculate other useful information from mean

flux measurements. To do so, we use the “Near Earth
Asteroid Thermal Model” (NEATM) developed by Har-

ris (1998), which essentially is a modification of the STM
where one integrates over an asteroid’s visible surface
and varies the beaming parameter to fit the data. The

NEATM has become the standard model for asteroid
analysis following its wide use by the NEOWISE col-
laboration (Mainzer et al. 2011). NEOWISE reported

diameters, albedos, and beaming parameters for thou-
sands of asteroids, 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 measured flux by the model flux. Likewise,
we can use the NEATM to solve for the sub-solar tem-

perature which would produce the fluxes we measure,
and we scale these temperatures by solar distance r� ac-

cording to the NEATM’s assumed dependence of r
−1/2
� .

Not only can this brightness temperature be viewed as
another way 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. We report our predicted
fluxes, calculated effective emissivities, and calculated
brightness temperatures in Section 5.

SPTpol does not have high enough sensitivity to de-
tect 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-coadded differenced map and plotting flux ver-

sus time of observation. Light curves are important be-
cause observed flux density changes depending on view-
ing geometry. We test whether we detect the expected
change in flux density by calculating the difference in χ2

between models that consider only constant flux from
the source versus constant flux plus variation as pre-
dicted by the NEATM.

Asteroids in general are not spherical, so as they ro-
tate 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, rota-
tional period, 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 cal-
culating the mean flux predicted by the NEATM and
scaling the light curve to that value. For a sense of

what that scaling might look like, consider the STM in
the long-wavelength Rayleigh-Jeans limit, in which case
flux density F varies like

F ∼ r−1/2� r−2⊕ 10−0.004α (1)

where r� is solar distance to the asteroid, r⊕ is Earth
distance to the asteroid, and α is solar phase angle mea-
sured in degrees, an empirical fit. We compute scal-

ing factors to mean values of r�, r⊕, and α based on
NEATM predictions, which is comparable at the per-
cent level to using the above functional form. Next, we

compute Lomb-Scargle periodograms to try detecting
statistically significant periods. For details on the pe-
riodogram, we refer readers to VanderPlas (2018). Fi-
nally, if the asteroid has a known period, we can also

“fold” the light curve by plotting flux versus observa-
tion time modulo rotation period. When we fold the
light curve in this way, we plot flux as a function of ro-
tational phase, and we fit a sinusoidal function to place
limits on modulation amplitudes at mm 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 pe-
riod.

One caveat to our light curve analysis is that each as-
teroid is scanned over multiple times in each ∼2.5-hour
individual observation. This introduces two effects: an
inexactness for time observed and an averaging of flux
from the asteroid during that time. If the rotation pe-
riod of the observed asteroid is short compared to the
timescale over which the asteroid is observed, these ef-
fects will both reduce sensitivity to the brightness modu-

lation induced by rotation. For the SPTpol observations
under study, in which the telescope is scanned back and
forth in azimuth then stepped in elevation, the relevant
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observation timescale is the time during which a par-
ticular sky elevation is within the field of view of the
camera. The elevation extent of the SPTpol camera is
roughly 1 degree; thus, in a ∼2.5-hour observation of a
10-degree field, a particular elevation will be visible for
approximately 15 minutes. This is much less than the
multiple-hour rotational periods of our asteroids of in-
terest, and we conclude that our sensitivity to rotational
effects is not compromised by these effects.3

5. RESULTS

Using the methods described in Section 3, we com-
pile a list of 54 objects in ra13hdec-25 and 82 ob-
jects in ra13hdec-25 that are within the fields during
at least one observation, and we predict the integrated
S/N for each asteroid. This information—mean model
flux, number of observations present, and corresponding

predicted S/N at 2.0 mm—is summarized in Figure 2.
We present these predictions only at 2.0 mm because
we expect a larger emitted flux at shorter wavelengths
and a better point-source sensitivity in that band. As

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 in ra13hdec-25 is (324) Bamberga and that
the only asteroids with S/N > 5 in ra23hdec-25 are
(13) Egeria and (22) Kalliope. We performed the dif-

ferencing and coadding procedures described in Section
4 on all 136 selected objects in our fields, and we were
indeed able to detect only those 3 asteroids with high
significance. The rest of this section will focus on those

3 asteroids.
(324) Bamberga is a large MBA with an effective body

diameter of 220.7 km (Masiero et al. 2014). We ob-

serve (324) Bamberga in ra13hdec-25 during 115 ob-
servations between 2016 February 13 and 2016 March
22 with mean observing geometry of 3.58 AU solar dis-
tance, 2.78 AU Earth distance, and 10.2◦ solar phase
angle. Its trajectory during this time is plotted in Fig-
ure 3, and details of observation geometries are included
in Appendix A. Using methods described in Section 4,
we coadd observations made 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

S/N = 11.2 and record an average flux of 16.0±3.9 mJy
and 30.6±2.7 mJy, at 3.2 mm and 2.0 mm, respectively.

3 We note that we could restore nearly full sensitivity to changing
asteroid brightness by analyzing single telescope scans individu-
ally, 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.

The measured average flux levels are roughly consistent
with those predicted by the NEATM, as shown in Table
1. We calculate 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 Fig-
ure 5. We detect variation in the light curve of the form
predicted by the NEATM with a χ2 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 (Nugent et al. 2015). We ob-
serve (13) Egeria in ra23hdec-25 during 45 observa-
tions from 2015 October 29 until it exits the field on 2015
November 5 with mean observing geometry of 2.68 AU
solar distance, 2.02 AU Earth distance, and 18.2◦ so-

lar phase angle. Its trajectory during this time is plot-
ted 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 = 1.7 and S/N
= 10.4 and record an average flux of 11.6± 6.9 mJy and

44.5 ± 4.3 mJy, at 3.2 mm and 2.0 mm, respectively.
Note that unlike (324) Bamberga and (22) Kalliope, NE-
OWISE was unable to fit a value for the NEATM beam-
ing parameter for (13) Egeria, so we use their assumed

value of 0.95 to calculate expected mean flux density,
effective emissivity, and brightness temperature in Ta-
ble 1 (Mainzer et al. 2019). The measured average flux

level at 2.0 mm is roughly consistent with 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 lightcurve shows 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 et al. 2014). We observe
(22) Kalliope in ra23hdec-25 during 100 observations
from 2015 October 29 until it exits the field on 2015

November 26 with mean observing geometry of 2.76 AU
solar distance, 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 in-
cluded in Appendix A. We show cutouts of the averaged
observation maps in Figure 4. From these maps, we de-
tect the asteroid with S/N = 6.1 at 2.0 mm and record
an average flux of −3.1±4.0 mJy and 16.5±2.7 mJy, at
3.2 mm and 2.0 mm, respectively. We calculate expected
mean flux density, effective emissivity, and brightness
temperature in Table 1 using 1.081 for the NEATM

beaming parameter, as reported by NEOWISE (Mainzer
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Figure 2. Predicted asteroid S/N at 2.0 mm in the ra13hdec-25 and ra23hdec-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 the 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.

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 0.66 ± 0.11, as shown in Ta-
ble 1. (22) Kalliope has the lowest effective emissivity

of the three asteroids, and the calculated upper limit
on effective emissivity at 3.2 mm is significantly lower
than that calculated at 2.0 mm. Its light curve is plot-

ted 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 satel-

lite Linus. Studies of (22) Kalliope report that Linus is
dimmer by a factor of 25± 5, so we ignore the contribu-
tion 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 light
curves suggests that we may be missing something in

either our flux calculations or our 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-target pixels
from differenced maps, and we confirm that these light
curves are statistically consistent with zero.

Because we detect the mean flux from these three as-
teroids with a high S/N at 2.0 mm, we also study their
light curves at this wavelength in an attempt to detect
the effect of rotation. We calculate the Lomb-Scargle

periodogram for each light curve, and we do not de-
tect significant periodicity in any of the three. We then
adopt external constraints on the rotational period of
the asteroids and attempt to detect the modulation ef-

fect in folded light curves. We assume rotational pe-

riods based on published observations at other wave-
lengths reported by the Minor Planet Center’s Asteroid
Lightcurve Database (Warner et al. 2009). We assume
that (324) Bamberga rotates with a rotational period

of 29.43 hours, (13) Egeria with a rotational period of
7.045 hours, and (22) Kalliope with a rotational period
of 4.1483 hours. We fold the light curve on the rotational

periods and show the resulting phased light curves 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 that were relatively close to NEATM
predictions. Meanwhile, we measured mean flux densi-
ties for (22) Kalliope well below the predicted values.

This discrepancy may be explained by considering the
asteroids’ thermal inertias. The thermal inertia, Γ, of an
object is defined as

Γ =
√
ρCk (2)

where ρ is the object’s density, C is the object’s heat
capacity, and k is the object’s thermal conductivity.
Greater thermal inertia reflects an object’s greater resis-
tance to changing temperature, which also means a de-
creased flux radiated from an asteroid’s dayside and in-
creased flux radiated from an asteroid’s nightside. This
effect leads to a net decrease in flux for most objects

viewed at less than a 90◦ solar phase angle, i.e. those
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Figure 3. Trajectories of (324) Bamberga through ra13hdec-25 (top panel) and (13) Egeria and (22) Kalliope through
ra23hdec-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 dot represents the asteroids’
positions at the time of an observation of the field. The size of each dot represents flux density at 2.0 mm predicted by the
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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) 11.6 27.9 20.6 49.2 10.4 24.9

Effective Emissivity 1.37 ± 0.34 1.10 ± 0.10 < 1.24 0.90 ± 0.09 < 0.47 0.66 ± 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 · · · < 33.6% · · · < 43.3% · · · < 73.2%

Measurements of flux density and S/N, NEATM 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
in ra13hdec-25 and ra23hdec-25 with S/N > 5. We report ± values with 1-sigma significance and upper limits with
2-sigma significance. Uncertainties reported in this table are pure statistical uncertainties and should be added in quadrature
with subdominant systematic uncertainties.
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objects with solar distance greater than 1 AU like the
vast majority of objects potentially analyzed with SPT
data.

Flux models like the NEATM and the STM assume
the case of low thermal inertias, in which one subsolar
point reaches maximum temperature. Other models not
used in this study like the Fast Rotating Model (Lebof-
sky & Spencer 1989) assume the case of large thermal in-
ertias, in which case the asteroid’s whole equator reaches
maximum temperature as the asteroid rotates. We can
estimate how well we expect the NEATM to predict flux
densities by calculating the “thermal parameter” Θ as
defined by Spencer et al. (1989):

Θ =
Γ
√
ω

εσT 3
ss

(3)

where ω is angular rotational frequency, ε is emissivity,

σ is the Stefan-Boltzmann constant, and Tss is subsolar
temperature. Small Θ values (∼ 0) suggest high diurnal
temperature variation, while large Θ values (roughly &
10) suggest low diurnal temperature variation.

Previous studies have constrained the thermal iner-
tia of (22) Kalliope, but none have constrained that of
(324) Bamberga or (13) Egeria. Nevertheless, we know

that we can treat (22) Kalliope separately because other
studies have shown that metallic iron asteroids like (22)
Kalliope, an M-type asteroid, have much higher val-

ues of thermal inertia than other stony, non-metallic
asteroids like (324) Bamberga, a C-type asteroid, and
(13) Egeria, a G-type asteroid (Opeil et al. 2010). We

approximate emissivity around 0.9, subsolar tempera-
ture around 222 K from the NEATM, and upper limit
on thermal inertia of 250 Jm−2K−1s−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 sur-
face temperature or emissivity. We expect that (324)
Bamberga and (13) Egeria would have a much lower
thermal parameter.

This calculation suggests that (22) Kalliope may
have much lower diurnal temperature variation than

the NEATM might predict. A lower diurnal tempera-
ture variation causes lower dayside surface temperatures
which lead to lower emitted flux density. This effect of
low diurnal temperature variation may be even more
prominent at the subsurface layers where mm emission
originates, and it may help explain why we measured
such a lower effective emissivity for (22) Kalliope than
we did for (324) Bamberga or (13) Egeria.

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:

Table 2. Summary of Predicted Detections

Objects with

Survey Predicted S/N > 3

SPT-SZ 4

SPTpol Deep (“500d”) Field 0

SPTpol Summer Fields 6

SPT-3G Deep (“1500d”) Field 14

SPT-3G Summer Fields 10

Summary of estimated number of detectable asteroids at
2.0 mm in completed historical and 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 included in Appendix B.

SPT-SZ, SPTpol, and SPT-3G. With SPT-SZ, observa-
tions were made of a patchwork of many fields to com-
prise its survey. With SPTpol and SPT-3G, observa-

tions were made of main, deep fields during austral win-
ters and various other fields for shorter durations during
austral summers. 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

present in historic and future data and predict their S/N.
We show all objects we expect to observe in Figure 7 and
summarize these predictions in Table 2. We provide de-

tailed field boundaries, observation periods, and object
lists in Appendix B.

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 fol-
lowing 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 sep-
arate, it was similar in construction and methodology to

the pipeline used for the detections in SPTpol data.
We report the mean fluxes and signal-to-noise ratios

for the two asteroids with predicted S/N > 5 at 2.0 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 of 6.3±0.6, 18.7±0.8, and
43.0±3.3 mJy at 3.2, 2.0, and 1.4 mm respectively, cor-
responding to a S/N of 10.6, 22.9, and 13.1. We observe
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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 4-sigma levels; the rest peak near the mean flux values detected for each
asteroid.
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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 represent NEATM 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.

(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 a
S/N of 6.5, 5.6, and 4.5. We show coadded observation
maps of these asteroids in Figure 8.

8. CONCLUSION
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Figure 6. Phased light curves of (324) Bamberga (top
panel), (13) Egeria (middle panel), and (22) Kalliope (bot-
tom panel) at 2.0 mm, folded over rotational period and
scaled to mean observed solar distance, Earth distance, and
solar phase angle as described in Section 4. The dotted blue
lines represent the sinusoidal function that best fits the data,
although none of these fits are statistically significant. The
sinusoidal periods are constrained to half the rotational pe-
riods, but the amplitudes and phases are free parameters.

In this work, we have demonstrated that we are able
to detect asteroids in mm observations of the sky made
with the SPT, and we show that we will detect even
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 mea-
sure three asteroids, (324) Bamberga, (13) Egeria, and
(22) Kalliope, at wavelengths of 3.2 mm and 2.0 mm
with the SPTpol camera, and we report measurements
of the asteroids’ mean fluxes at 2.0 mm with a S/N of

11.2, 10.5, and 6.1, respectively. We also report mea-
surements of (324) Bamberga at 3.2 mm with a S/N
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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.
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of 4.1. Although others have studied asteroid thermal
emission at mm wavelengths, this work is the first fo-
cused 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
studies of asteroids in the future, potentially includ-
ing near-Earth asteroids that pass 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 us-
ing CMB experiments, especially as the instantaneous
sensitivity of CMB cameras improves and allows more
precise time-domain astronomy.

Our measurements in mm wavelengths come at an im-
portant time for asteroid scientists, when studies like

Keihm et al. (2013) suggest a paradigm shift in the un-
derstanding of asteroid regolith temperatures. We mea-
sured the flux from (324) Bamberga to moderate signif-
icance 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 signifi-
cance 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 at

2.0 mm and showed a significant decrease in mm flux at
3.2 mm compared to 2.0 mm, consistent with previous
studies of other large MBAs suggesting a decrease in
flux at longer wavelengths. (22) Kalliope, a metallic as-

teroid, has lower effective emissivity compared to (324)
Bamberga and (13) Egeria, both nonmetallic asteroids;
this is expected because metallic asteroids often have

higher thermal inertias. Our measurements will help
place limits on the thermal properties and composition
of these asteroids’ regoliths.

With historic and future data, we expect to observe
29 total asteroids, including very precise measurements
of (2) Pallas and (344) Desiderata; multiple measure-
ments of (31) Euphrosyne, (705) Erminia, and (772)
Tanete; and measurements of (617) Patroclus, a target
of NASA’s Lucy mission (Levison et al. 2021).

Using data from SPTpol, we made significant mea-

surements of (13) Egeria and (22) Kalliope at only one
wavelength, and we did not have high enough sensitiv-

ity in individual observations to describe light curves 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 sur-
veys 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 alert system. Furthermore, many of
the asteroids detectable with SPT-3G will be observed
for longer periods of time than those with SPT-SZ or
SPTpol. This longer observation time will allow us to
place tighter constraints on light curve data for those
asteroids. 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 without needing to dedicate

telescope observation time to do so. The measurements
we make will provide new constraints on the thermal
properties and compositions of asteroid regoliths.

9. ACKNOWLEDGEMENTS

The South Pole Telescope program is supported by
the National Science Foundation (NSF) through award
OPP-1852617.

This paper makes use of the following ALMA data:

ADS/JAO.ALMA#2011.0.00001.CAL. ALMA is a part-
nership of ESO (representing its member states),
NSF (USA) and NINS (Japan), together with NRC

(Canada), MOST and ASIAA (Taiwan), and KASI (Re-
public of Korea), in cooperation with the Republic of
Chile. The Joint ALMA Observatory is operated by
ESO, AUI/NRAO and NAOJ.

This publication also makes use of data products from
NEOWISE, which is a project of the Jet Propulsion
Laboratory/California Institute of Technology, funded
by the Planetary Science Division of the National Aero-
nautics and Space Administration.

MA and JV acknowledge support from the Center for

AstroPhysical Surveys at the National Center for Super-
computing Applications in Urbana, IL. JV acknowledges
support from the Sloan Foundation.

We would like to thank Jeff McMahon with the Data
Science for Energy and Environmental Research pro-
gram, funded by the NSF, for his help in shaping and
editing this paper.

REFERENCES

Abazajian, K. N., et al. 2016, ArXiv e-prints, 1610.02743 Anderson, A. J., et al. 2018, Journal of Low Temperature

Physics



SPT Asteroids 17

Austermann, J. E., et al. 2012, in Proc. SPIE, Vol. 8452,

Society of Photo-Optical Instrumentation Engineers

(SPIE) Conference Series

Bleem, L., et al. 2012, Journal of Low Temperature

Physics, 196

Bleem, L. E., et al. 2020, ApJS, 247, 25

Briggs, F. H. 1973, The Astrophysical Journal, 184, 637

Carlstrom, J. E., et al. 2011, PASP, 123, 568

Conklin, E. K., Ulich, B. L., Dickel, J. R., & Ther, D. T.

1977, International Astronomical Union Colloquium, 39,

257–261

Cremonese, G., Marzari, F., Burigana, C., & Maris, M.

2002, New Astronomy, 7, 483

de Kleer, K., Cambioni, S., & Shepard, M. 2021, The

Planetary Science Journal, 2, 149

Everett, W. B., et al. 2020, ApJ, 900, 55

Ginsburg, A., et al. 2019, AJ, 157, 98

Giorgini, J. 2020, DASTCOM5: JPL small-body data

browser

Giorgini, J. D., et al. 1996, JPL’s On-Line Solar System

Data Service

Gulkis, S., et al. 2012, Planetary and Space Science, 66, 31,

rosetta Fly-by at Asteroid (21) Lutetia

Guns, S., et al. 2021, The Astrophysical Journal, 916, 98

Harris, A. 1998, Icarus, 131, 291

Henning, J. W., et al. 2018, ApJ, 852, 97

Johnston, K., Seidelmann, P., & Wade, C. 1982, The

Astronomical Journal, 87, 1593

Keihm, S., Kamp, L., Gulkis, S., Hofstadter, M., Lee, S.,

Janssen, M., & Choukroun, M. 2013, Icarus, 226, 1086

Keihm, S., et al. 2012, Icarus, 221, 395

Kosowsky, A. 2003, in the proceedings of the workshop on

“The Cosmic Microwave Background and its

Polarization,” New Astronomy Reviews, ed. S. Hanany &

K. A. Olive (Elsevier)

Lebofsky, L. A., & Spencer, J. R. 1989, Asteroids II, 128

Lebofsky, L. A., et al. 1986, Icarus, 68, 239

Lellouch, E., et al. 2017, A&A, 608, A45

Levison, H. F., Olkin, C. B., Noll, K. S., Marchi, S., et al.

2021, 2, 171

Li, J.-Y., Moullet, A., Titus, T. N., Hsieh, H. H., & Sykes,

M. V. 2020, AJ, 159, 215

Mainzer, A., Bauer, J., Cutri, R., Grav, T., Kramer, E.,

Masiero, J., Sonnett, S., & Wright, E. 2019, NASA

Planetary Data System

Mainzer, A., et al. 2011, ApJ, 731, 53

Marchis, F., et al. 2012, Icarus, 221, 1130

Margot, J., & Brown, M. 2003, Science, 300, 1939

Masiero, J. R., Grav, T., Mainzer, A. K., Nugent, C. R.,

Bauer, J. M., Stevenson, R., & Sonnett, S. 2014, ApJ,

791, 121

Michel, P., DeMeo, F., & Bottke, W. 2015, Asteroids:

Recent Advances and New Perspectives

Moullet, A., Gurwell, M., & Carry, B. 2010, A&A, 516, L10

Müller, T. G., & Barnes, P. J. 2007, A&A, 467, 737

Murphy, T., et al. 2010, MNRAS, 402, 2403

Naess, S., et al. 2021, arXiv preprint arXiv:2104.10264

Nugent, C. R., et al. 2015, ApJ, 814, 117

Opeil, C. P., Consolmagno, G. J., & Britt, D. T. 2010,

Icarus, 208, 449

Padin, S., et al. 2008, ApOpt, 47, 4418

Planck Collaboration, et al. 2016, A&A, 594, A10

——. 2014, Astronomy & Astrophysics, 571, A14

Redman, R., Feldman, P., Matthews, H., Halliday, I., &

Creutzberg, F. 1992, The Astronomical Journal, 104, 405

Simons Observatory Collaboration, et al. 2019, JCAP,

2019, 056

Sobrin, J., et al. 2021, arXiv preprint arXiv:2106.11202

Spencer, J., Lebofsky, L., & Sykes, M. 1989, Icarus, 78, 337

The ALMA Partnership, et al. 2015, The Astrophysical

Journal, 808, L2

Ulich, B., & Conklin, E. 1976, Icarus, 27, 183

VanderPlas, J. T. 2018, The Astrophysical Journal

Supplement Series, 236, 16

Warner, B., Harris, A., & Pravec, P. 2009, Icarus, 202, 134

Webster, W., Johnston, K., Hobbs, R., Lamphear, E.,

Wade, C., Lowman, P., Kaplan, G., & Seidelmann, P.

1988, The Astronomical Journal, 95, 1263



18 Chichura et al.

APPENDIX

A. OBSERVATION GEOMETRIES

This section describes details of the observation geometries for the 3 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.
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Figure 9. Observation geometries for (324) Bamberga (top panel), (13) Egeria (middle panel), and (22) Kalliope (bottom
panel). Each point represents one observation. Solar distance r� and Earth distance r⊕ are plotted in AU, and solar phase
angle α is plotted in degrees.
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B. ASTEROIDS IN HISTORIC DATA

This section contains a detailed definition of each observation field’s boundaries, time range, 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, 4, and 5, respectively.

Table 3. Detections at 2.0 mm Predicted with SPT-SZ

Objects with

Field Name R.A. Range (◦) Decl. Range (◦) Time Range Predicted S/N > 3

ra5h30dec-55 [75, 90] [-60, -50] 2008 Feb 13 – 2008 Jun 05 · · ·
ra5h30dec-55 [75, 90] [-60, -50] 2011 Jan 13 – 2011 Feb 20 · · ·
ra5h30dec-55 [75, 90] [-60, -50] 2011 Aug 23 – 2011 Aug 24 · · ·
ra5h30dec-55 [75, 90] [-60, -50] 2011 Sep 22 – 2011 Oct 04 · · ·
ra5h30dec-55 [75, 90] [-60, -50] 2011 Oct 20 – 2011 Nov 13 · · ·
ra23h30dec-55 [345, 360] [-60, -50] 2008 May 27 – 2008 Sep 25 · · ·
ra23h30dec-55 [345, 360] [-60, -50] 2010 Apr 15 – 2010 May 13 · · ·
ra21hdec-60 [300, 330] [-65, -55] 2009 Jan 31 – 2009 Jul 01 · · ·
ra3h30dec-60 [30, 75] [-65, -55] 2009 Feb 04 – 2009 Mar 30 · · ·
ra21hdec-50 [300, 330] [-55, -45] 2009 Jul 23 – 2009 Aug 10 (705) Erminia

ra21hdec-50 [300, 330] [-55, -45] 2009 Sep 01 – 2009 Nov 10 · · ·
ra4h10dec-50 [50, 75] [-55, -45] 2010 Feb 03 – 2010 Apr 13 · · ·
ra0h50dec-50 [0, 25] [-55, -45] 2010 May 13 – 2010 Jun 18 · · ·
ra2h30dec-50 [25, 50] [-55, -45] 2010 Jun 19 – 2010 Jul 28 · · ·
ra1hdec-60 [0, 30] [-65, -55] 2010 Jul 29 – 2010 Sep 11 · · ·
ra5h30dec-45 [75, 90] [-50, -40] 2010 Oct 07 – 2010 Nov 05 · · ·
ra6h30dec-55 [90, 105] [-60, -50] 2010 Oct 07 – 2010 Nov 13 · · ·
ra6h30dec-55 [90, 105] [-60, -50] 2011 Mar 09 – 2011 Mar 23 · · ·
ra6h30dec-55 [90, 105] [-60, -50] 2011 Jul 15 – 2011 Jul 17 · · ·
ra23hdec-62.5 [330, 360] [-65, -60] 2010 Sep 12 – 2010 Oct 06 · · ·
ra23hdec-62.5 [330, 360] [-65, -60] 2010 Apr 24 – 2010 Jul 15 · · ·
ra21hdec-42.5 [300, 330] [-45, -40] 2010 Sep 12 – 2010 Oct 07 (31) Euphrosyne∗

(154) Bertha∗

ra21hdec-42.5 [300, 330] [-45, -40] 2010 Apr 21 – 2010 Jul 14 · · ·
ra22h30dec-55 [330, 345] [-60, -50] 2010 Sep 12 – 2010 Oct 05 · · ·
ra22h30dec-55 [330, 345] [-60, -50] 2010 Apr 11 – 2010 Apr 21 · · ·
ra22h30dec-55 [330, 345] [-60, -50] 2010 May 13 – 2010 Jul 10 · · ·
ra23hdec-45 [330, 360] [-50, -40] 2010 Sep 12 – 2010 Oct 05 (31) Euphrosyne∗

(772) Tanete

ra23hdec-45 [330, 360] [-50, -40] 2011 Mar 24 – 2011 Apr 11 · · ·
ra23hdec-45 [330, 360] [-50, -40] 2011 May 13 – 2011 Jul 17 · · ·
ra6hdec-62.5 [75, 105] [-65, -60] 2010 Sep 12 – 2010 Oct 07 · · ·
ra6hdec-62.5 [75, 105] [-65, -60] 2011 Jan 11 – 2011 Feb 28 · · ·
ra3h30dec-42.5 [30, 75] [-45, -40] 2010 Sep 12 – 2010 Oct 09 · · ·
ra3h30dec-42.5 [30, 75] [-45, -40] 2011 Mar 01 – 2011 Mar 09 · · ·
ra3h30dec-42.5 [30, 75] [-45, -40] 2011 Jul 17 – 2011 Aug 27 · · ·
ra1hdec-42.5 [0, 30] [-45, -40] 2010 Sep 12 – 2010 Oct 06 · · ·
ra1hdec-42.5 [0, 30] [-45, -40] 2011 Aug 28 – 2011 Sep 19 · · ·
ra1hdec-42.5 [0, 30] [-45, -40] 2011 Oct 05 – 2011 Oct 08 · · ·
ra6h30dec-45 [90, 105] [-50, -40] 2010 Sep 12 – 2010 Oct 03 · · ·
ra6h30dec-45 [90, 105] [-50, -40] 2011 Sep 19 – 2011 Oct 28 · · ·
* Predicted S/N > 10.
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Table 4. Detections at 2.0 mm Predicted with SPTpol

Objects with

Field Name R.A. Range (◦) Decl. Range (◦) Time Range Predicted S/N > 3

ra23h30dec-55 (“100d”) [345, 360] [-60, -50] 2012 Feb 17 – 2012 Nov 21 · · ·
ra23h30dec-55 (“100d”) [345, 360] [-60, -50] 2013 Feb 08 – 2013 Apr 30 · · ·
ra0hdec-57.5 (“500d”) [-30, 30] [-65, -50] 2013 Apr 30 – 2013 Nov 27 · · ·
ra0hdec-57.5 (“500d”) [-30, 30] [-65, -50] 2014 Mar 25 – 2014 Dec 12 · · ·
ra0hdec-57.5 (“500d”) [-30, 30] [-65, -50] 2015 Mar 27 – 2015 Oct 26 · · ·
ra0hdec-57.5 (“500d”) [-30, 30] [-65, -50] 2016 Mar 23 – 2016 Sep 08 · · ·
ra0p75hdec-31 (“KiDS”) [-30, 52.5] [-36, -26] 2016 Sep 09 – 2016 Nov 15 (31) Euphrosyne∗

ra1hdec-25 [0, 30] [-30, -20] 2015 Dec 01 – 2016 Feb 01 · · ·
ra1hdec-35 [0, 30] [-40, -30] 2014 Jan 12 – 2014 Feb 04 · · ·
ra1hdec-35 [0, 30] [-40, -30] 2015 Dec 22 – 2015 Dec 23 · · ·
ra3hdec-25 [30, 60] [-30, -20] 2014 Feb 22 – 2014 Mar 24 · · ·
ra3hdec-25 [30, 60] [-30, -20] 2015 Feb 18 – 2015 Feb 27 · · ·
ra3hdec-35 [30, 60] [-40, -30] 2014 Feb 04 – 2014 Feb 16 · · ·
ra3hdec-35 [30, 60] [-40, -30] 2015 Feb 03 – 2015 Feb 23 · · ·
ra5hdec-25 [60, 90] [-30, -20] 2015 Mar 01 – 2015 Mar 26 · · ·
ra5hdec-35 [60, 90] [-40, -30] 2014 Feb 17 – 2014 Mar 07 · · ·
ra5hdec-35 [60, 90] [-40, -30] 2015 Jan 22 – 2015 Jan 22 · · ·
ra11hdec-25 [150, 180] [-30, -20] 2016 Jan 23 – 2016 Feb 12 · · ·
ra11hdec-25 [150, 180] [-30, -20] 2016 Mar 07 – 2016 Mar 07 · · ·
ra13hdec-25 [180, 210] [-30, -20] 2016 Feb 13 – 2016 Mar 22 (324) Bamberga∗†

(382) Dodona

ra23hdec-25 [330, 360] [-30, -20] 2015 Oct 26 – 2016 Jan 20 (13) Egeria∗†

(22) Kalliope∗†

ra23hdec-35 [330, 360] [-40, -30] 2013 Nov 27 – 2014 Jan 11 (164) Eva

ra23hdec-35 [330, 360] [-40, -30] 2015 Jan 26 – 2015 Feb 03 · · ·
* Predicted S/N > 10.

† Focus of this paper’s analysis.

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

Objects with

Field Name R.A. Range (◦) Decl. Range (◦) Time Range Predicted S/N > 3

ra0hdec-56 (“1500d”) [-50, 50] [-70, -42] 2019 Mar 21 – 2019 Dec 30 (413) Edburga

(705) Erminia∗

ra0hdec-56 (“1500d”) [-50, 50] [-70, -42] 2020 Mar 23 – 2020 Nov 25 (772) Tanete∗

(1093) Freda∗

(2906) Caltech

ra0hdec-56 (“1500d”) [-50, 50] [-70, -42] 2021 Mar 01 – 2021 Dec 01 (31) Euphrosyne∗

(344) Desiderata∗

(814) Tauris∗

ra0hdec-56 (“1500d”)‡ [-50, 50] [-70, -42] 2022 Mar 22 – 2022 Nov 30 · · ·
ra0hdec-56 (“1500d”)‡ [-50, 50] [-70, -42] 2023 Mar 22 – 2023 Nov 30 (247) Eukrate∗

(323) Brucia
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(326) Tamara∗

(350) Ornamenta∗

(536) Merapi

(617) Patroclus

ra5hdec-45.5 (“Western Summer”) [50, 100] [-63, -28] 2020 Feb 10 – 2020 Mar 22 · · ·
ra5hdec-45.5 (“Western Summer”)§ [50, 100] [-63, -28] 2021 Jan 12 – 2021 Feb 02 · · ·
ra5hdec-45.5 (“Western Summer”)‡ [50, 100] [-63, -28] 2021 Dec 25 – 2022 Feb 13 · · ·
ra5hdec-45.5 (“Western Summer”)‡ [50, 100] [-63, -28] 2022 Dec 25 – 2023 Feb 13 (2) Pallas∗

ra1h40dec-35 (“Mid-North Summer”) [0, 50] [-42, -28] 2020 Dec 01 – 2021 Jan 21 · · ·
ra1h40dec-35 (“Mid-North Summer”) [0, 50] [-42, -28] 2021 Nov 30 – 2022 Jan 02 · · ·
ra1h40dec-35 (“Mid-North Summer”)‡ [0, 50] [-42, -28] 2022 Dec 01 – 2022 Dec 24 · · ·
ra12h30dec-35 (“Backside Summer”) [150, 225] [-42, -28] 2021 Feb 03 – 2021 Mar 21 (480) Hansa

(1266) Tone

ra12h30dec-35 (“Backside Summer”)‡ [150, 225] [-42, -28] 2022 Feb 14 – 2022 Mar 21 (36) Atalante

(445) Edna

(773) Irmintraud

ra12h30dec-35 (“Backside Summer”)‡ [150, 225] [-42, -28] 2023 Feb 14 – 2023 Mar 21 (426) Hippo∗

(702) Alauda∗

(705) Erminia∗

(762) Pulcova∗

* Predicted S/N > 10.

‡ Planned future observations.

§ Only the northernmost 7.5◦ observed.




