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ABSTRACT

The detection of artificial satellite thermal emission at millimeter wavelengths is presented using
data from the 3rd-Generation receiver on the South Pole Telescope (SPT-3G). This represents the first
reported detection of thermal emission from artificial satellites at millimeter wavelengths. Satellite
thermal emission is shown to be detectable at high signal-to-noise ratios on timescales as short as a few
tens of milliseconds. An algorithm for downloading orbital information and tracking known satellites
given observer constraints and time-ordered observatory pointing is described. Consequences for
cosmological surveys and short-duration transient searches are discussed, revealing that the integrated
thermal emission from all large satellites does not contribute significantly to the SPT-3G survey
intensity map. Measured satellite positions are found to be discrepant from their two-line element
(TLE) derived ephemerides up to several arcminutes which may present a difficulty in cross-checking
or masking satellites from short-duration transient searches.

Subject headings: satellites, thermal emission, millimeter, time domain astronomy, cosmic microwave

background radiation
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1. INTRODUCTION

As cosmic microwave background (CMB) radiation
survey experiments become increasingly sensitive, and
with the great community interest in multi-wavelength
astronomy, these experiments have begun to transcend
their role as observers of a static sky and are now push-
ing the boundaries of time-domain astrophysics (White-
horn et al. 2016; Naess et al. 2020; Guns et al. 2021;
Chichura et al. 2022; Li et al. 2023; Tandoi et al. 2024;
Biermann et al. 2024). Because of the challenges in
achieving high angular resolution for large-field surveys
in the millimeter-wavelength (mm-wave) regime, there
are a limited number of such surveys that prioritize
time-domain science. While the South Pole Telescope
(SPT) is primarily designed to measure anisotropies in
the CMB, due to the 10 meter primary mirror, large field
of view, sub-Jansky single-visit sensitivity, and short re-
observation cadence, it has become an active contributor
to survey-based mm-wave time-domain science (White-
horn et al. 2016; Guns et al. 2021; Hood et al. 2023;
Tandoi et al. 2024).

Some of the most energetic and interesting time-
variable phenomena in the universe occur on timescales
of hours or shorter. These include, but are not limited to,
gamma-ray burst reverse shocks, neutron star mergers,
X-ray binaries, active galactic nuclei jets, stellar flares,
and fast-radio bursts (Laskar et al. 2013; Laskar et al.
2019; MacGregor et al. 2020; Amiri et al. 2021). As
many of these events are extremely rare, fast, or faint in
the mm-wave, it is imperative to understand the false-
positive noise population.

In this context, satellites present a significant challenge
as they may potentially appear as false-positive short-
duration transients in the time-resolved survey data. In
contrast to optical surveys, where contamination from
reflections of sunlight or Earthshine dominates, at CMB
survey wavelengths the thermal emission from the satel-
lites themselves may cause short, high signal-to-noise
foreground signals. Due to the passive nature of the ther-
mal emission, this paper makes no distinction between
the various types of resident space objects, referring to
active payloads, defunct satellites, and debris such as
rocket bodies all simply as “satellites”.

As transient detection algorithms used in CMB-
surveys are advanced, it is likely that they will be sending
out public alerts on timescales as short as a few hours.
With an increasing number of satellites in orbit, partic-
ularly those in low Earth orbit (LEO), it is increasingly
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likely that they will be mistaken for an astrophysical
transient if not correctly identified. In addition to pas-
sive thermal emission, it is common for active payloads
to transmit at microwave frequencies (Yost & Weston
2023), potentially further complicating foreground noise.

This paper describes a simple model for the thermal
mm-emission of LEO satellites and confirms the accuracy
of this model with measurements made by the SPT-3G
instrument. Section 2 contains details of the SPT-3G
instrument, including the observing strategy and sur-
vey regions, with particular attention to the properties
of time-ordered data pertaining to the visibility of fast-
moving satellites. In Section 3, a brief discussion of the
plethora of satellites in orbit around Earth is followed by
the thermal model expectations for millimeter emission.
A description of the algorithms for detecting and mea-
suring satellite fluxes is presented in Section 4. Several
examples of measured satellite emission are presented in
Section 5, covering both passive and intended emission.
The integrated signal from all satellites in the survey re-
gion that are predicted to be above the instantaneous
noise level is extrapolated and the effects on map depth
are presented in Section 6. The paper concludes with a
discussion of the results and a note of caution for future
short-duration transient searches.

2. THE SOUTH POLE TELESCOPE

The SPT is a 10-meter diameter primary aperture,
mm-wave telescope that has been in operation at the
Amundsen-Scott South Pole station since 2007. The tele-
scope is physically located approximately 1 km from the
geographical South Pole, at Latitude 89d 59.38" S, Lon-
gitude 44d 12.08" W, Altitude 2818 meters. 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 characterizing the primary and
secondary CMB anisotropies in intensity and polariza-
tion. More details about the telescope and site can be
found in Carlstrom et al. (2011) and Padin et al. (2008).
The primary results in this work use observations from
the SPT-3G camera on the SPT.

2.1. The SPT-3G Camera

The SPT-3G camera replaced the SPTpol camera
on the telescope in 2017 and will remain in operation
through 2027. SPT-3G consists of ~16,000 supercon-
ducting detectors configured to observe in three bands,
centered at roughly 95 GHz (3.2 mm), 150 GHz (2.0 mm),
and 220 GHz (1.4 mm). Each camera pixel is coupled to
two orthogonally polarized transition edge sensor detec-
tors in each of the three bands. The band-averaged de-
tector properties relevant to this work are summarized in
Table 1. Effective band centers are calculated for a flat-
spectrum and Rayleigh-Jeans spectrum source, showing
a modest shift of ~2%. For more information on the
SPT-3G detectors and readout see also Bender et al.
(2016) and Bender et al. (2020).

The SPT-3G detectors were designed to balance low-
noise and dynamic range, with a saturation power of
roughly 2x the estimated optical loading of ~4-8 pW
at the South Pole. The detectors are sampled down-
stream at a rate of 152.6 Hz and have median noise on
short timescales presented in Table 1. The 220 GHz noise
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TABLE 1
ADAPTED FROM SOBRIN ET AL. (2022), THE BAND CENTER IS
DEFINED AS [ vI(v)g(v)dv/ [ I(v)g(v)dv AND BAND WIDTH
DEFINED AS [ I(v)g(v)dv, WHERE g(v) IS THE NORMALIZED
SPT-3G FREQUENCY RESPONSE TO A BEAM-FILLING SOURCE, AND
I(v) 1S THE SOURCE SPECTRAL INTENSITY. FLAT AND RJ
REPRESENT THE BAND CENTER CALCULATED BY INTEGRATING OVER
A FLAT AND RAYLEIGH-JEANS SPECTRUM, RESPECTIVELY. THE
MEDIAN NOISE IS PER-DETECTOR, EXTRAPOLATED FROM RAW
TIME-ORDERED DATA.

95GHz 150GHz 220 GHz
Band Center, Flat (GHz) 92 145 217
Band Center, RJ (GHz) 94 148 221
Band Width (GHz) 26 33 54
Beam FWHM (') 1.56 1.16 1.04
Median Noise (mJy /s) 26 31 122

tends to be about 4x higher than the other two bands,
so the SPT-3G 150 GHz band is the most sensitive to
sources with a thermal spectrum. For more details on
the SPT-3G instrument and performance, see Anderson
et al. (2018) and Sobrin et al. (2022).

2.2. The SPT-3G Survey

One of the benefits of observing from the South Pole
is that the celestial sky never rises nor sets. Because it
is located along the axis of rotation of the Earth, the
celestial sky simply rotates around the South Pole and
declination is equal to elevation at all times. The main
SPT-3G survey region is a 1500 square-degree patch of
sky centered at RA 0", Dec —56°, covering £50° in RA
and £+15° in Dec. From here on this is called the “1500d
survey”. This field has been observed during the aus-
tral winter (March through November) since 2018 with
an effective cadence of 1-2 days. The full field is split
equally by elevation into four subfields, two of which are
observed during a given cryogenic fridge cycle which is
approximately 20 hours long. Each subfield is observed 2
or 3 times in succession, with each observation taking ap-
proximately 2 hours. The observations are performed by
slewing the telescope at constant angular speed in RA,
then taking a small step in elevation and repeating, until
the full elevation range of the subfield is achieved. The
instantaneous field of view is approximately 2 square de-
grees, and the telescope scans with a constant speed of 1
degree per second on the azimuth bearing.

The SPT-3G also conducts an extended survey during
the austral summer months, when the 1500d survey field
becomes sun-contaminated. This extended region covers
nearly 3000 square degrees, including several sub-fields
which get as low in elevation as 28°. These “summer
fields” will therefore host many more satellite passes from
high-inclination LEO satellites (see also Section 3.1 and
Figure 18).

3. SATELLITES

This section describes the satellites that could poten-
tially impact a survey at the South Pole, with atten-
tion to those in low-Earth orbits. The expected emission
mechanisms and relative contributions are calculated for
thermal emission, reflected sunlight, and a specific ex-
ample of cloud-penetrating radar emission. The received
power at Earth and predicted flux density from a gener-
alized satellite are calculated for the case of SPT-3G.

TABLE 2
NUMBER OF SATELLITES, INCLUDING DEFUNCT PAYLOADS AND
DEBRIS, BROKEN DOWN BY RADAR CROSS SECTION THAT WERE IN
ORBIT BETWEEN JAN 01, 2017 AND AUG 15, 2024. COLUMNS
FURTHER RESTRICT OBJECTS TO THOSE IN A LEO ORBIT, ABOVE
THE HORIZON AT THE SOUTH POLE, AND ABOVE THE SPT-3G
SURVEY HORIZON (EL>28°).

RCS In Orbit LEO  Horizon EI>28°

Large 13,571 10,578 3,691 2,286

Medium 4,958 3,879 3,022 1,534

Small 16,136 15,218 14,377 7,957

Total 36,046 29,870 21,090 11,777
3.1. Orbits

Because the SPT is located at the geographic South
Pole, only satellites with highly-inclined orbits are visi-
ble in the SPT-3G survey region (above 28° elevation).
The North American Aerospace Defense Command (NO-
RAD) tracks objects in Earth orbit larger than 10 cm
and publishes their orbital information to the SpaceTrack
website! where it can be downloaded in the form of two-
line elements (TLEs). A query of this database between
January 01, 2017 and August 15, 2024 gives a total of ap-
proximately 36,000 unique space objects tracked at some
point over that time, with roughly 30,000 of those in
LEO. It should be noted explicitly that the number of
objects in orbit at any given time is dynamic and that
while the recent reentry rate of satellites is roughly 2,000
per year, the number of satellites in orbit continues to
grow.

These objects are also categorized based on their radar
cross section (RCS) into three categories; “Large” (>
1 m?), “Medium” (0.1 m?>-1 m?) and “Small” (< 0.1 m?).
The use of RCS as a criterion for candidate selection
is not optimal (for example, a distinction is not made
between an object with a surface area of 100 m? or 1 m?)
but it does serve as a useful proxy for physical size and
therefore thermal emission. As shown in Section 3.2, only
large, nearby satellites need to be considered.?

Using the orbital inclination and apogee from the
SpaceTrack database, the maximum possible elevation
at the South Pole is calculated via simple trigonometry.
Appendix A describes the geometry and details the cal-
culation of satellite elevation. A relevant breakdown of
all satellites in the SpaceTrack catalog by size is given in
Table 2. Figure 1 shows the apogee-inclination plane for
the 21,090 satellites that might rise above the horizon
at the South Pole. Using the apogee provides the up-
per limit to observed elevation for each satellite without
having to construct ephemerides.

It is obvious from Figure 1 that there are several group-
ings of satellites into common orbits. In this paper the
focus is placed on LEO, which is defined as an Earth-
bound orbit with a period less than 128 minutes. The
corresponding circular orbit has an altitude above the
surface of the Earth of approximately 2000 km. Satel-
lites in LEO will move with apparent angular velocities
of order degrees per second and can vary greatly depend-

! https://space-track.org

2 Nearby does not necessarily mean LEO, as highly elliptical
orbits can bring satellites down to a low perigee, sometimes well
within the usual LEO altitudes.
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FiG. 1.— Maximum possible elevation of satellites observ-

able from the South Pole, displayed on an inclination-apogee
plane. The horizon at the South Pole is designated by the
dark shaded region. The light shaded region represents the
area above the horizon but below the SPT-3G survey region.
Satellites which rise above the survey horizon may be observ-
able. Satellite RCSs are denoted by their markers as shown
in the legend.

ing on the satellite’s altitude and orbital ellipticity. Of
particular note here are the polar orbits which tend to
occur at +8° from the pole due to sun-synchronous con-
siderations.

There are also satellites in elliptical orbits at high in-
clinations such as the Tundra and Molniya. These orbits
are useful for maintaining long observations over high-
latitude regions of Earth and are often inclined at 63.4°
in order to maintain their apogee above a fixed latitude
(Kidder & Haar 1990). Tundra eccentricities are more
moderate (~0.26) than Molniya (~0.75) and they both
maintain apogees up to some 40000 km (generally over
the Northern hemisphere) with perigees as low as a few
hundred km in the case of Molniya. While these orbits
are not LEQ, they can bring satellites up to an elevation
visible from the South Pole, possibly with an altitude of
a few hundred kilometers for Molniya or Tundra orbits
designed for northern latitude coverage.

Dedicated searches of all visible “Large” RCS satellites
is computationally intensive, thus this work focuses on a
few examples of targeted observations and a brief discus-
sion of a blind search pipeline in Section 4. It is worth
noting explicitly that there are no Geostationary orbits
visible above the horizon from the South Pole and that all
satellites can be considered point sources to CMB survey
experiments (1’ is ~300m at 1000 km).

3.2. Millimeter- Wave Emission

Three contributions to the mm-wave emission are con-
sidered. The first is the intrinsic thermal emission which
is radiated isotropically, the second is the reflection of
sunlight, and the third is intentional emission from radar

or communications systems. Given the mm-wave band-
pass of SPT-3G (1-3 mm), any object that is above
~10 K will radiate on the Rayleigh-Jeans tail of the
blackbody curve. From simple energy balance consid-
erations, LEO satellites are expected to be in the 200-
400 K range, which places them safely in the Rayleigh-
Jeans regime where the spectral radiance is proportional
to v2. No effort is made to estimate the exact value of
the emitted flux at any instant since the instantaneous
cross-sectional area is not known. For each observing
band, a simple top-hat bandpass is used to calculate the
effective emission.

In order to estimate the relative contributions to the
total mm-wave emission, the emitted power due to ther-
mal emission and specular reflection are calculated and
propagated to the SPT’s 10 m primary mirror. For sim-
plicity it is assumed that the typical temperature of a
satellite is 300 K and that reflected Earthshine and in-
trinsic thermal emission are indistinguishable. Detailed
calculation of the expected flux due to thermal emission
of a satellite is given in Appendix B. The results are re-
produced here,

A 1000 km ) *
St (A@ =200 may (57 ) ()
(B11)
showing, as one would expect, that the flux density
is proportional to the effective cross-sectional area, A,
and the inverse of the square of the distance, d. It is
worth explicitly stating here that A combines several
factors, including emissivity, temperature, and geomet-
ric cross-section; therefore even modest uncertainties in
these quantities may add up to a large uncertainty in A
and thus the expected thermal emission.

Figure 2 helps to build intuition for the expected
150 GHz flux density due to thermal emission, calculated
in Equation (B11), for several hand-picked “Large” RCS
LEO satellites which are observable in one of the SPT-
3G survey regions. As an example of a rocket body, a
single Delta II stage is shown, which is estimated to be
1/3 of the total length of the rocket. There are many
similar sized rocket bodies in a variety of LEO and non-
LEO orbits which make up a large fraction of the current
orbital space debris.

To compare the intrinsic thermal emission with re-
flected sunlight, two extremes are considered. The first is
perfectly Lambertian (or diffuse) reflection and the sec-
ond is perfectly specular reflection. The in-band emissiv-
ity of a surface, calculated in Appendix B and presented
in Table B2, is three orders of magnitude smaller for in-
cident sunlight at 1 AU compared with thermal emission
from a 300 K blackbody. If the reflection is perfectly
diffuse it is radiated equally into the hemisphere normal
to the surface. This is exactly the same situation as for
thermal emission, which means that under all observ-
ing geometries the diffuse reflected sunlight is negligible
compared with thermal emission.

In the limit of perfectly specular reflection, however,
the reflected light is confined to a diffracted beam. The
specular reflection contributions are calculated in Ap-
pendix C, including a discussion on the probability of
observing such specular flares. The results take into ac-
count both the angular extent of the Sun and diffraction
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mated from physical dimensions of the satellite bus and/or
solar panels. Lines of constant 150 GHz flux density due to
300 K blackbody emission are drawn as dashed black lines
and are calculated using Equation (B11). The shaded gray
region denotes a flux density less than 200 mJy, which is ap-
proximately the 1o noise in a well-behaved single bolometer
TOD integrated over the ~20 ms that a satellite is expected
to be in a single pixel beam. Horizontal lines represent a
range that accounts for geometric differences due to satellite
bus and/or solar panel orientation. Dark colored text high-
lights satellites that are discussed as examples in Section 5 of
this paper.

to give

1000 km\%/ A
d 1 m?

1 m?
0.2< 1 )+0.8

Comparing the emission from a specular reflection (C9)
to the thermal emission (B11) for the nominal case of a
1 m? blackbody /reflector at 1000 km,

S, (4,d) =33 Jy ( ) . (C9)

Siberm, (1 m?,1000 km) = 0.2 Jy
S1Eo6,(1 m?, 1000 km) = 3.3 Jy,

reveals the surprising result that specular reflections of
the Sun are only ~ 15x brighter than the quiescent ther-
mal radiation of a surface of the same size. In Appendix
C, the probability of SPT-3G observing specular reflec-
tions off of large satellite panels is calculated to be ap-
proximately one observed specular reflection per year.
Given the fact that observed satellite flares at opti-
cal wavelengths can increase luminosity by many magni-
tudes (Koshkin et al. 2016; Chote et al. 2019; Bassa, C.
G. et al. 2022), it is perhaps surprising that at millimeter
wavelengths the thermal emission is such a large contrib-
utor to the flux. As discussed in Section 5, no extreme

specular flares have been observed over a total of several
hundred observations of “Large” RCS LEO satellites by
SPT-3G, in agreement with the predictions laid out here.

In addition to passive emission, some satellites may
also actively transmit at frequencies within SPT’s broad
observing bands. This includes transmissions for commu-
nication and remote sensing. With active transmissions,
the emitted power can be so high that even indirect illu-
mination through a far sidelobe is detectable. One rele-
vant example of this is the CloudSat satellite, which uses
a 1500 W, 94 GHz pulsed radar (Spitz et al. 2001) and has
been discussed as a major concern by other radio tele-
scopes including ALMA (see, for example, ALMA Memo
No. 5043). The CloudSat radar is always directed down-
wards, along the local gravitational vector, thus there is
no possibility of SPT to look directly into the main beam
because CloudSat neither flies directly over the South
Pole, nor does SPT-3G observe the zenith. In fact, with
98.23° inclination and an altitude of 710 km, the Cloud-
Sat never gets above 32° elevation as viewed from the
South Pole. Even when SPT does observe CloudSat in
the main beam, the radar should be approximately 50°
off-axis.

As shown in Figure 6 of the CloudSat radar character-
ization paper (Durden & Boain 2004), the far sidelobes
are approximately -80 dB. The 1500 W radar is pulsed
in 3.3 us pulses at 4000 Hz, thus the resulting effective
power is ~20 W in a main beam with 63 dBi. The effec-
tive isotropic radiated power (EIRP) of the main beam
is therefore 4x10” W and the expected EIRP in the far
sidelobe region is 4x107 Wx10~% = 0.4 W. Projecting
the far sidelobe EIRP to the SPT, the expected power
incident on the primary is

cloudsat

1000 km \ 2
EIRP - 7 .

Pcloudsat _
d

95GHz —

7r?
T 2.5 pW <
(1)

This is roughly 500x larger than expected power de-
posited onto the SPT dish from the thermal emission of
a 1 m? object at 1000 km. The corresponding flux den-
sity is 77 Jy, which would make CloudSat the brightest
object in any of the SPT-3G survey regions. For com-
parison, the brightest astrophysical sources within the
1500d survey field are of order 1 Jy with the brightest
peaking around 5 Jy.

A measurement of emission from the far sidelobes of
the CloudSat radar is presented in Section 5, showing
good agreement with these calculations.

4. DETECTING SATELLITES IN SPT-3G DATA

This section describes the algorithm for downloading
satellite TLE data, generating co-sampled ephemerides,
and constructing co-moving maps from which the satel-
lite fluxes are extracted. While the presentation here is
specific to SPT-3G, the algorithm could easily be applied
to other observatories that record detector time-ordered
data such as the decommissioned Atacama Cosmology
Telescope (ACT, Kosowsky (2003)) or the upcoming Si-
mons Observatory (SO, Ade et al. (2019)). In Section
4.1 the method used for measuring the fluxes of known

3 https://science.nrao.edu/facilities/alma/aboutALMA/
Technology/ALMA_Memo_Series/alma504/memo504.pdf
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satellites from SPT-3G data is described. Section 4.2 de-
scribes a blind detection algorithm which could be used
to detect bright satellites without requiring position in-
formation. In Section 5 onward, only the known satellite
search results are discussed, with a full blind-search out-
side the scope of this paper.

4.1. Known Satellite Search

In order to extract time-ordered data (TOD) around
a known satellite, an ephemeris must be constructed
that is sampled at a high-enough cadence such that
probable satellite-boresight conjunctions can be calcu-
lated. This is done by first downloading the satellite
TLE from SpaceTrack. TLE data is generated in 6 hour
epochs, thus for each SPT observation the nearest-in-
time epoch TLE is used. The Python package Skyfield
(Rhodes 2019) is then used to generate a 1 second ca-
dence ephemeris for the satellite over the time range of
the survey field observation (generally 2 hours for SPT-
3G). If the satellite comes within a conservative distance
of the telescope boresight using this 1 second ephemeris,
a co-sampled ephemeris is generated within some small
time window around the conjunction. In the case of SPT-
3G, co-sampled means taking the time stamps at which
each detector is sampled and stored in the TOD, with
the sample rate of 152.6 Hz.

Then, for each physical pixel in the focal plane, the
satellite-pixel distance at each time sample is calculated.
Pixels which never come within 20’ of the satellite are
dropped from the analysis. For those that are within
the distance threshold, the nearest position time sample
is calculated and the TOD is excised within £1 second
around that time. This small time range is chosen to
reduce data volume since LEO satellites move with ap-
parent motions of order degrees per second on the sky.
Outside of this window the satellite will have likely left
the telescope’s field-of-view. These TOD are then used to
make a co-moving map of the satellite by binning the sig-
nal in ARA, ADec between each detector and the satel-
lite. Each detector is weighted by the inverse-variance of
the TOD outside of the expected position of the satellite
so as to not down-weight detectors which see a bright sig-
nal. Due to the limitations of the TLE resolution, model
propagation effects, and/or unmodeled maneuvers, the
satellites can be quite far from the expected orbits at the
time of observation (up to several arcminutes is common,
see Section 5.6 and Appendix D).

Once the TOD are binned into a map, a matched fil-
ter is applied which effectively removes any structure
larger than the beam and maximizes sensitivity to point
sources. Fluxes are extracted by calculating a weighted
map based on the expected thermal-emission sensitiv-
ity of each band, calculating the location of the maxi-
mum pixel, and using that location to perform forced-
photometry in each of the three bands. The fact that
the satellite does not, in general, appear at the expected
TLE-derived position (i.e. the center of the co-moving
map) makes the extraction of the satellite flux difficult
for dim satellites with a brightness near the map noise.
Average flux cannot be simply calculated by stacking
maps from multiple observations, for example. Quan-
tifying and understanding the ephemeris uncertainty is
the focus of future work, but is outside the scope of this

paper.

SPT-3G fluxes derived using this mapmaking method
have been calibrated by running the pipeline on known,
bright sources. Absolute calibration has been tied to
ALMA calibrator sources, although there have been
few coincident observations at ALMA 155.0 GHz / SPT
150 GHz or at ALMA 233.0 GHz / SPT 220 GHz. ALMA
absolute calibration uncertainties are generally quoted at
5% in these bands and an internal SPT/ALMA calibra-
tion check show up to 5-10% variations for single observa-
tions. Combining these conservatively, a single SPT-3G
measurement may have a flux calibration uncertainty of
approximately 10%. The total integration time in these
maps is challenging to quantify in general, but rough
approximations are that each detector observes a satel-
lite for a few milliseconds, with between 10-100 detectors
per band contributing in a single pass, yielding a total
integration time on the order of tens to hundreds of mil-
liseconds.

4.2. Blind Satellite Search

Searching over all known satellites and generating
ephemerides for each two hour observation with a 1-
second cadence is computationally intensive and ineffi-
cient. One could imagine instead searching the time or-
dered data for moving object tracks. Because LEO satel-
lites move of order degrees per second on the sky, they
will only be within the focal plane for a maximum of sev-
eral seconds, depending on the relative motion between
the satellite and the telescope scan direction. This analy-
sis requires a new method of data analysis which extracts
the raw TOD before many of the common filtering steps
such as “glitch finding” which would flag a bright satellite
as a bolometer glitch.

To begin, the raw TOD are first calibrated into on-sky
temperature units before being filtered using a Ricker
wavelet, which is Gaussian in shape but has zero mean.
This is an extremely harsh filter that removes all long-
timescale fluctuations, effectively removing everything
larger than the beam size. The filtered TOD are then
analyzed using a sliding time window. The RMS of the
region outside of the sliding time window is calculated
and used to define significant outliers within the sliding
window. Every time a significant extremum is found, it is
masked, the window is moved, and the process continues,
recording each significant extremum along the TOD.

After the TOD from all bolometers are analyzed in
this manner, temporally connected bolometer events are
grouped by binning the extrema time. An astrophysical
source on the sky is within the telescope’s field-of-view
for a length of time given roughly by the focal plane size
divided by the scan speed. Thus for SPT-3G, an object
will be visible for roughly 2 seconds (2 deg / 1 deg s™1),
and therefore a moving object like a satellite can be taken
to be visible for a similar amount of time; shorter if the
satellite is moving against the telescope motion and vice
versa. Time bins are therefore set to 500 samples which
equates to nearly 3.3 seconds. Bins containing a signifi-
cant number of bolometer-events are flagged for further
analysis. An example of the TOD for a single flagged
event is shown in Figure 3.

Each flagged bin is then analyzed to look for linear
motion across the focal plane. The width of the time
bins (sliding window size) is important to fine-tune such
that any bin might contain one, but no more, satellites.
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Fig. 3.— The time ordered data of high signal-to-noise
bolometers for a single event found using the blind satellite
search. Power is shown in arbitrary units and line colors dif-
ferentiate detector observing band. The time is relative to
the start of the sliding time window used in the search.

Allowing for multiple satellites in one time-bin would re-
quire a more sophisticated algorithm for differentiation of
multiple linear features. This has not been implemented
because in the SPT-3G survey area the satellite density
is rather low and conjunctions of two or more satellites
at the same time are unlikely (see Section 6 for more de-
tails). Figure 4 shows the linear feature detection for the
event shown in Figure 3, with the line-of-best-fit drawn
over-top.
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Fic. 4.— A satellite track, defined by the timing of detections
by high signal-to-noise bolometers, projected on the SPT-3G
focal plane. Individual pixels are shown as black circles, with
each pixel nominally containing six detectors (two polariza-
tions in each of the three observing bands). Some pixels are
missing due to readout issues. The black dashed line shows
the best-fit line and pixel colors correspond to the relative
time of detection in seconds.

Removing events for which the x? of a fit to a time-
ordered line across the focal plane exceeds a certain value
cuts out most of the undesired signals including readout-
related noise, cosmic rays, or small-scale, high-amplitude
atmospheric fluctuations. Once linear motion events
are detected, the focal-plane motion can be subtracted
leaving only the residual on-sky motion. Astrophysical
sources thus become a smattering of points within the an-

gular diameter of the telescope’s beam and can be easily
matched to known, cataloged sources. Remaining mov-
ing sources can then be analyzed using the recorded high
signal-to-noise bolometers, on-sky positions, and times
of detection. Because the density of moving objects over
the South Pole is relatively low, the mean position and
time (i.e. the value within the black circle of Figure 5)
can be used with a generous padding to perform a cross-
match with known satellites. A query of known LEO
satellite positions within 2 degrees of the mean position
and time of the example shown here returns one satellite:
ICESAT-2 (NORAD ID 43613).
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F1a. 5.— Motion of the example satellite after subtracting
the SPT focal plane motion. The black circle is 3’ diameter
around the mean position and the marker colors correspond
to the relative time of detection in seconds. A stationary
source would show a scatter of points inside the black circle.

5. RESULTS

In a novel, targeted search, SPT-3G has observed
several “Large” RCS LEO satellites with evidence for
the measurement of thermal emission as well as inten-
tional in-band emission from the CloudSat 94 GHz radar.
These satellites can be several Jy at 150 GHz and individ-
ual satellites can vary in observed flux by factors of sev-
eral depending on orientation, line-of-sight distance, and
satellite temperature. The measured fluxes of satellites
observed in sunlight and in the shadow of the Earth are
consistent, confirming that observing solar specular re-
flections is extremely rare, and that, in general, they are
sub-dominant to thermal radiation. Similarly, searches
for specular flares from several hundred observations of
satellites in OneWeb, Iridium, and Starlink constellations
did not turn up any significant flares (i.e. the measured
fluxes were all consistent with the blackbody expecta-
tion).

Observations from four months of the SPT-3G sur-
vey were analyzed in this work, June-July 2022 and
January-February 2023, which cover two austral winter
and two austral summer months. The summer obser-
vations were chosen to include some low-elevation sur-
vey regions which allow for the measurement of Starlink
satellites in polar orbits. While there are 2,286 “Large”
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RCS LEO satellites above the SPT survey horizon at
the time of writing of this paper, only a few are hand-
selected to be shown as examples here. This is due in
large part to the computational requirements to search
for large numbers of satellites and the coarse definition of
“Large” RCS which does not guarantee that the source
is bright enough to be observed in a single SPT-3G ob-
servation. In particular, OneWeb satellites are labeled
“Large” in the SpaceTrack catalog, but are below the
single-observation noise level in each SPT-3G observing
band. Of nearly 1,000 OneWeb conjunctions over these
four months, there were no significant detections.

To begin this section, the results of two particular
thermal-emission case-studies are presented. The first
is a decommissioned CMB survey satellite (COBE) and
the second is a set of cylindrical rocket bodies. Building
on these examples, observations of two well-known satel-
lite constellations, Iridium and Starlink, are discussed.
The final result is the observation of non-thermal emis-
sion from an actively emitting, Earth-observing radar.
Additionally, a systematic offset between the observed
positions of these satellites and their expected locations
based on TLE predictions is reported. The discrepancies
suggest either inaccuracies in the TLE data or unmod-
eled orbital perturbations, both of which warrant further
investigation.

5.1. The Cosmic Background Explorer (COBE)

The Cosmic Background Explorer (COBE) satellite
was a mission operated by NASA from 1989 to 1993,
dedicated to studying the frequency spectrum and angu-
lar distribution of the CMB. Data from COBE was used
to demonstrate that the universe was consistent with a
blackbody at a temperature of 2.7 K to high precision
(Mather et al. 1990; Fixsen et al. 1996) and to detect
that the small anisotropies in this temperature are on
the order of 1 part in 10° (Smoot et al. 1992). For these
discoveries, the COBE team was awarded the Nobel Prize
in physics in 2006. Since 1993, however, COBE has been
floating as space debris in its nominal sun-synchronous
orbit with inclination 99° and altitude 900 km. As an
ode to this pioneering instrument, it is included in this
work as an example for the detection of thermal emission.

Using the drawing and physical dimensions found in
Boggess et al. (1992), the cross-sectional area of the
COBE bus is estimated to be 17.4 m? and the solar pan-
els to be 8.3 mx2.5 m = 20.8 m2. Depending on the
observed angle, the cross-sectional area could be the sum
of the bus+panels or simply the end-on area of the con-
ical Sun/Earth shield (roughly 20 m?). Since the satel-
lite is decommissioned (and has been for more than 30
years), the orientation is no longer being tracked. The
cross-sectional area is therefore taken to be an average
of the minimum and maximum cross-sectional area de-
scribed above. This gives an effective cross-section of
A=23.5 m?.

SPT-3G observed a COBE pass on January 20th, 2023
at a distance of 1440 km. If one assumes a 300 K black-
body, the predicted flux density from Equation (B11) is
2.2 Jy at 150 GHz. Calculating the same for the other
two frequency bands gives 1 Jy at 95 GHz and 5 Jy at
220 GHz. SPT-3G measurements give flux densities of
0.440.1 Jy, 1.0+£0.1 Jy, and 1.840.2 Jy, at 95, 150, and
220 GHz, respectively, as shown in Figure 6. Although

these appear to be discrepant by a factor of two, COBE
is clearly not a perfect blackbody (intentionally so, as
NASA used an aluminized thermal shield to reflect radi-
ation from the Sun and Earth). If an emissivity of 0.04
is assumed, the expected fluxes are 0.5, 1.2, 2.7 Jy at
95, 150, and 220 GHz respectively. Furthermore, it is
difficult to estimate the cross-sectional area observed on
any given pass. With all of these unknowns, the SPT-3G
measurements are well within the limits calculated using
reasonable approximations.
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F1G. 6.— Single observation, co-moving map centered on the
measured position of COBE in each of the three SPT-3G observing
bands. The increasing flux density with increasing frequency is
consistent with thermal emission, as stated in the text. The SPT-
3G beam is shown as a shaded 20 contour in the lower-left.

5.2. Cylindrical Rocket Bodies

To better constrain the expected thermal emission,
cylindrical rocket bodies can be studied because they are
not actively emitting and they have simple geometries.
Two prime examples are upper-stage rocket bodies of
the Indian Space Research Organisation (ISRO) Mark
IIT launch vehicles (LVM3s) which were launched in late
2022 and early 2023 into polar low-Earth orbits (NO-
RAD IDs 54149 and 56082). These 4 m diameter, 13.5 m
tall cylinders provide an easily calculable minimum and
maximum surface area for passive emission (ISRO 2023).
Figure 7 shows an example of a single SPT-3G co-moving
map of a LVM3 rocket body.

95GHz 150GHz 220GHz

5.0
< 4 75 20
&% 5 = £
5 004 = 5032 =
S 00 _ 2% [ B E m 103
[ w [ w
a 2.5 2.5
5210 @ ®

5.0 — T
-5.0-2.50.0 2.5 5.0

A RA [arcmin]

T T T L .0
-5.0-2.50.0 2.5 5.0

A RA [arcmin]

—————L 0
-5.0-2.5 0.0 2.5 5.0
A RA [arcmin]

Fic. 7.— Example of a single observation, co-moving map cen-
tered on the measured position of a LVM3 rocket body in each of
the three SPT-3G observing bands. The SPT-3G beam is shown
as a shaded 20 contour in the lower-left.

The skyfield package (Rhodes 2019) is used to calcu-
late whether or not the object was illuminated by sun-
light during a given observation. Out of 140 observations,
there were 60 which occurred while the satellite was in
the Earth’s shadow. After making a co-moving map
for each observation, the flux and noise are extracted;
the results for the LVM3 rocket bodies are shown as a
function of the line-of-sight distance in Figure 8. The
measured fluxes are consistent between the sunlit and
shadowed distributions with the 90*"-percentile flux un-
certainty approximately 0.1 Jy at 150 GHz. While the
LVM3 rocket body temperature and millimeter emissiv-
ity are not known, the data shown in Figure 8 suggest
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that a 300 K blackbody alone may not be the best fit.
Using the best-fit to the measured fluxes projected onto
a fiducial distance of 1000 km (4.9 Jy at 150 GHz) and
an average geometric cross section of a randomly tum-
bling cylinder (41.5 m? for the LVM3 upper stage,Klett
1964), a best-fit emissivity is calculated to be 0.08 as
shown by the darker shaded region in Figure 8. This
is a reasonable emissivity for an aluminum alloy, how-
ever, other degenerate factors such as temperature and
effective cross-sectional area could play a role.
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F1G. 8.— Scatter plot of measured fluxes versus line-of-sight dis-
tance for two LVM3 upper stages (NORAD IDs 54149 and 56082).
Sunlit and shadowed observations are denoted by filled and empty
markers, respectively. The heavy line shows the d~2 best-fit power
law. The light shaded region shows the flux limits expected for a
300 K cylindrical blackbody with dimensions 4x13.5 m as a func-
tion of line-of-sight distance. A best-fit emissivity of 0.08 is shown
as the darker shaded region.

The three observing bands are used to calculate the
spectral index, «, of the emission. Defining « such that

S, o v, (2)

i.e.
o = IOg(Sm/SVz)
IOg(I/l/VQ)

« is calculated using the two pairs of bands, namely,
95 GHz/150 GHz and 150 GHz/220 GHz. The resulting
measurements and their standard deviations are shown
in Figure 9. The mean and standard error (std. err.)
of the 95 GHz/150 GHz spectral index (af2,) is equal
to 1.90£0.03, in slight tension with the expected v? de-
pendence of thermal emission. The higher frequency
a3ld = 1.98 with a std. err. of 0.04, consistent with
thermal emission.

(3)

5.3. Starlink Constellation

Although Starlink satellites do not enter the SPT-3G
1500d survey region, they do appear in the extended
survey region which reaches as low as 28° in elevation.
A low-elevation subfield was observed in February 2023,
recording several conjunctions with satellites in the Star-
link constellation. In fact, the spatial density was high
enough that two Starlink satellites (4377 and 4311) were

Fia. 9.
bodies.

Spectral index distribution for the two LVM3 rocket
A 2D Gaussian is fit to the data and shown as 1- and

20 contours over the scatter plot. Histograms of the two-band
spectral indices are shown on the sides of the plot with black dashed
lines indicating the inverse-variance (IV) weighted averages along
each axis. The legends show the IV-weighted average and standard
deviation.

observed in a single 20’x20’ map, as shown in Figure
10).
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Fic. 10.— Co-moving maps centered on the nominal, TLE-

derived position of Starlink 4377. The other satellite in the map
is Starlink 4311, which happened to be nearby and on a similar
orbit. The SPT-3G beam is shown as a shaded 20 contour in the
lower-left.

Starlink Gen2 satellite filings state the bus size is
1.3%2.8 m with a solar array that is 2.8 x8.1 m (Goldman,
David 2022). This gives a large range in expected fluxes,
especially since the form factor at any given observation
is unknown a priori. At a fiducial distance of 1000 km,
the expected 150 GHz flux from Starlink satellites ranges
from 0.7 Jy to 4.5 Jy assuming a 300 K blackbody. The
measured SPT-3G 150 GHz fluxes have a projected mean
of 0.9£0.4 Jy at 1000 km, which are consistent with the
expectations, albeit at the low end of the expected flux
range (see Figure 11). Even when assuming a polished
aluminum emissivity of e = 0.03, the measurements lie at
the lower end of the expectation, indicating that the es-
timated upper-end of the cross-sectional area is not con-
sistent (i.e. one does not observe the solar panel and bus

both face-on simultaneously). The 90*'-percentile flux
uncertainty for these observations is 0.15 Jy at 150 GHz.
Because these observations took place in February, the
Sun is always above the horizon at the South Pole and
thus there are no shadowed observations.

Although the scatter in the Starlink spectral index
measurements is larger than for the bright LVM3 rocket
bodies described in Section 5.2, the mean and std. err.

are measured to be a3, = 1.41 + 0.06 and ad3) =
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FiG. 11.— Same as Figure 8 but for Starlink satellites. The
measured fluxes are consistently on the lower side of the 300 K
blackbody range. Observations took place during austral summer
so all measurements were in sunlit conditions. The dark shaded
region assumes a polished aluminum emissivity of ¢ = 0.03.

2.09 + 0.07. Again this shows that the higher frequency
measurements are more consistent with thermal emis-
sion and that there is a larger tension measured between
95 GHz and 150 GHz. It is not fully understood why the
measurements of the Starlink a2, are low, implying a
~30% flux excess in the SPT-3G 95 GHz band.
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FiG. 12.— Spectral index distribution for the observed Starlink
satellites. A 2D Gaussian is fit to the data and shown as 1- and
20 contours over the scatter plot. Histograms of the two-band
spectral indices are shown on the sides of the plot with black dashed
lines indicating the inverse-variance (IV) weighted averages along
each axis. The legends show the IV-weighted average and standard
deviation.
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FiG. 13.— Same as Figure 11 but for Iridium satellites. Observa-
tions took place during austral summer so all measurements were
in sunlit conditions.

5.4. Iridium Constellation

The Iridium satellites comprise a well known constel-
lation, the first generation of which produced extremely
bright optical flares from specular reflection off of their
three, 120° separated antennae. While this is true in the
optical, no specular flares have been measured in any of
the 225 observations of Iridium satellites in this work.
The Iridium satellites have three antennae, with dimen-
sions of 1.5x2.4 m, that are angled at 40° with respect
to the satellite bus which is oriented along nadir when in
controlled orbit. Each satellite also has a solar array of
size 1.5x8.4 m (Maley & Pizzicaroli 2003).

The measured fluxes of the Iridium satellites lie on the
lower end of the model as shown in Figure 13, where
the minimum area is given by a single antenna panel.
This remains true, even when assuming a polished alu-
minum emissivity of 0.03 indicating that the minimum
cross-sectional area of a single antenna panel may be too
large. Given the unique panel configuration of Iridium
satellites, exemplified in Figure 4 of Maley & Pizzicaroli
(2003), this may make sense if panels are reflecting into
space rather than back to Earth. The 90*"-percentile flux
uncertainty for these observations is 0.1 Jy at 150 GHz.
There is a large scatter in the spectral indices, likely due
to the low signal-to-noise of each observation, as shown
in Figure 14. The mean and std. err. spectral indices
are roughly consistent with thermal emission, namely,
a2,=1.9940.03 and a333=2.09+0.04.

5.5. Intentional Emission

Another concern is intentional in-band emission, as
with the 94.05 GHz radar from the CloudSat instrument.
The emitted power is much higher than from typical as-
trophysical sources, so much so that it has been the dis-
cussion of some radio observatories using sensitive mixer
electronics that can be damaged if observed in the main
beam (ALMA Memo No. 504). One SPT-3G observa-
tion of CloudSat occurred at a distance of 1264 km and
is shown in Figure 15. From Equation (1), the expected
95 GHz power received by SPT-3G at this distance is
2.5 pW, which is 120 Jy in flux density units.

The SPT-3G measurement is 32 Jy in the 95 GHz band
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F1G. 14.— Spectral index distribution for the observed Iridium
satellites. A 2D Gaussian is fit to the data and shown as 1- and
20 contours over the scatter plot. Histograms of the two-band
spectral indices are shown on the sides of the plot with black dashed
lines indicating the inverse-variance (IV) weighted averages along
each axis. The legends show the IV-weighted average and standard
deviation.
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F1c. 15.— Co-moving maps of the CloudSat satellite centered
on the nominal, TLE-derived position of the satellite. The bright
95 GHz emission is caused by the satellite’s 94.05 GHz cloud de-
tecting radar. The SPT-3G beam is shown as a shaded 20 contour
in the lower-left.

but only 0.4 and 1.2 Jy at 150 and 220 GHz, respectively.
The latter two fluxes are consistent with thermal black-
body radiation from part of the ~ 16 m? surface area.
The measured flux confirms that, in agreement with the
back-of-the-envelope calculation from Section 3.2, even
the far sidelobes of such a radar can be extremely bright.

5.6. TLE Precision

Although many of the examples given above are cen-
tered on the brightest pixel for illustrative purposes,
when constructing satellite-centered maps, the satel-
lites appear up to several arcminutes offset even when
using the nearest-in-time TLE epoch to construct the
ephemerides. No correlation was found between the am-
plitude or direction of the offset in the map and how far
in time from the TLE epoch the satellite was observed.
Similar offsets have been observed by others (see for ex-
ample the discussion on the measured BlueWalker TLE
decay in Nandakumar et al. 2023) and may be a conse-
quence of low TLE precision or unmodeled perturbations
such as orbital maneuvers. This may be more important
for LEO satellites where atmospheric drag is larger.

Examples of the positional offsets observed by SPT-3G
are presented in co-moving 150 GHz maps in Figures 19-
21 in Appendix D. Only observations that have signal-
to-noise greater than 5 are shown, though for Starlink
observations it is clear that there is localized noise con-

tamination at the level of the 150 GHz Starlink flux.
More work in reducing the position uncertainty remains
an important next step for a thorough analysis of all
satellites and is a priority of the International Astro-
nomical Union’s Center for the Protection of the Dark
and Quiet Sky from Satellite Constellation Interference
(CPS, Jobzsa et al. 2024). If the positional uncertainties
can be reduced to a few arcseconds, CMB observatories
could stack maps of dim satellite constellations (such as
OneWeb) in order to more accurately measure their mil-
limeter properties. Furthermore, optical observatories
will likely require high precision position measurements
to perform accurate satellite streak avoidance and re-
moval. CPS guidelines from 2021 requested publicly-
available, live-updated telemetry information for LEO
satellites with accuracy of 6 arcminutes, with a desired
goal to increase the accuracy by a factor of 10 (Walker
et al. 2021b). Steps to improve accuracy require a combi-
nation of observatory measurements and metadata pro-
vided by the satellite operators as suggested in the SAT-
CON2 report (see Walker et al. 2021a).

6. THE EFFECTS OF SATELLITES ON CMB
SURVEY SCIENCE

The CPS has been actively working toward under-
standing and mitigating satellite constellation interfer-
ence, primarily at optical and radio wavelengths. This
work expands upon that effort to seek to understand
whether current and future mega-constellations will
cause a noticeable effect on CMB survey science. There
are two likely scenarios to consider. The first is that
bright satellites (above 2 Jy at 150 GHz) will be flagged
by the TOD glitch finding step. After glitch flagging,
the satellite would not directly inject noise or artificial
signals, but would cause some fraction of bolometers to
be dropped from the scan thus causing an effective loss
in observing efficiency. The second scenario is that sub-
glitch-threshold satellites can increase the noise in the
maps and may do so in non-uniform ways.

To understand the scale of this problem, the worst-case
limit is taken in which the glitch-removal is not active
and a satellite is extremely bright (i.e. like the LVM3
upper stage described in Section 5.2). Assuming a flux
of 10 Jy at 150 GHz (a reasonable selection from Figure
8), this would inject a streak in the single-scan maps with
an amplitude reduced by the number of detectors which
observe the same sky position but not the satellite. In
general, a static point on the sky traverses between 20-
50 focal plane pixels during a scan. Each pixel contains
6 detectors, two in each observing band, for an average
of 70 detectors observing a stationary sky location per
scan per band. This means that the fast-moving 10 Jy
satellite will be averaged by a factor of 35, to 280 mJy
in the single-scan map. That level of signal is still quite
large, however as of the writing, there are no real-time
analyses performed on single-scan maps.

Perhaps a more useful quantity is the amplitude of this
satellite in the single-observation map. Due to the raster
scan strategy, a single location on the sky is generally
observed in 20-30 scans during a single observation. Di-
viding by an average of 25 scans, the satellite would make
an 11 mJy streak in the map. The length of this streak
would be of order 1 degree over a beamwidth of approxi-
mately 1 arcminute for SPT-3G. The noise injected into
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this streak, albeit over a small region of the sky, is com-
parable to typical beam-scale map noise which is roughly
10 mJy at 150 GHz.

With the standard glitch flagging, signals above 2 Jy
are removed, thus a more realistic maximum noise in-
jection scenario is a 2 Jy residual resulting in a single-
observation averaged signal of just 2 mJy. When added
in quadrature to the map noise, this represents an in-
crease of ~5%, contained to only a few beams across the
focal plane.

Figure 16 shows the fractional fill factor, which rep-
resents the fraction of time, per second, that a square
degree of sky contains a “Large” LEO satellite, averaged
over the course of a month. The calculation is based on
satellite ephemerides sampled at a 1 second cadence and
mapped onto a nside=64 (~0.84 square degree resolu-
tion) HEALPix grid. For each sample, if a satellite is
found within a given pixel, that pixel’s count is incre-
mented by one. The total counts for each pixel are then
divided by the total number of samples in the month to
obtain the fractional fill factor. Above the horizon at the
South Pole, some regions of the sky exhibit a fractional
fill factor of order 10% deg=2 s~!, with the fill factor in-
creasing toward the horizon. Within the SPT-3G survey
regions, that number peaks around a few percent. Fig-
ure 17 shows a zoom-in on the SPT-3G observing fields,
highlighting the non-uniformity of satellite distribution
in RA, Dec. Since the primary cosmological survey sci-
ence relies on averaging down noise over many years, the
impact from satellites becomes less-pronounced, similar
to the averaging of atmospheric noise.

Assuming an extreme scenario where these satellites
are all above 2 Jy, the expected signal contribution to a
single-observation map is 2 mJy per beam through which
the satellite traverses. Because a satellite traverses on
average 40 focal plane pixels during a pass, in each ~2h
observation there are a total of A/x40 beams affected in
the final 400 deg? subfield map (per band), where N is
the number of satellites which pass through the field-of-
view during that observation. This covers a map fraction

f—N(4O arcmin2> ( 1 deg? ) n
B 400 deg? 3600 arcmin® )

Using the highest-density region from Figure 16 with a
fill factor of order 10% per square degree per second (a
pessimistic estimate), the number of observed satellite
passes per observation can be written as

0.1 3600
N =2 deg? (deg2 S) (2 hr = ) = 1440, (5)

where the 2 deg? factor is the area of the SPT-3G focal
plane. Plugging this into Equation (4), the fraction of the
single observation map with an extra 2 mJy of satellite-
induced signal is f = 0.025.

The SPT-3G RMS map noise in single observation
maps is approximately 10 mJy per beam at 150 GHz,
thus the average map noise can be written as

N = /(0.975)102 + (0.025)122 mJy ~ 10.05 mJy. (6)

This is only a 0.5% increase in total map noise in the
most pessimistic case. Combined with the fact that these
over-dense regions move over time and the mean increase

in noise will be less than this extreme localized case, this
is not a significant noise increase.

This estimate is also a limit in which all “Large” RCS
LEO satellites are above the 2 Jy threshold and are
present in one of the survey regions, which is not re-
alistic; thus the true increase in map noise is expected to
be much less.

Recent work in short-duration time-domain searches
for astrophysical transients using SPT-3G has brought
up the question of whether satellites may also pose as a
source of false-positive transient signals. While known
satellites can be masked from the data, any non-public
satellite or debris with poor orbital constraints could
cause a bright (and brief) specular reflection. If the du-
ration of the specular flare were short enough (of order a
few milliseconds) it might appear to be consistent with
a stationary source. While this type of a flare would
be unlikely, short duration transients such as gamma-ray
burst reverse shocks are also extremely rare (none have
been detected in 4 years of SPT-3G 1500d observations
Guns et al., in preparation).

In the future, CMB surveys such as SO and CMB-S4
(CMB-54 Collaboration et al. 2019) will be subject to
mega-constellations of satellites. The proposed 48,000
member Starlink constellation, once complete, will con-
tain roughly 1 satellite per square degree on the sky. The
South Pole, however, may remain a relatively clean site
since only LEO orbits with very nearly polar inclinations
are visible in the survey region.

Work remains to understand the positional offsets be-
tween expected satellite positions derived from the TLEs
and their recovered locations, which can be discrepant by
many arcminutes (see Section 5.6 and Appendix D). A
thorough search for non-thermal emission has not yet
been conducted and may reveal a subset of satellites
which are actively emitting in-band. Similarly, only total
intensity has been measured in this work.

7. CONCLUSIONS

This work represents the first systematic analysis of
millimeter thermal emission of Earth-orbiting satellites
using a ground-based CMB survey instrument. Although
the measured thermal emission places large, nearby satel-
lites amongst the brightest millimeter sources observed
by CMB survey instruments, they do not currently lead
to a significant increase in the survey map noise. No
observations of bright flares due to specular reflection
of the Sun were detected over several hundred observed
satellite passes. Actively transmitting satellites can be
extremely bright, even in the far-field sidelobes, which
means that simple transmission exclusion zones may not
be enough to prevent interference. Future efforts should
be undertaken to understand which satellites are produc-
ing non-thermal in-band emission.

Satellite ephemerides constructed using the nearest-
epoch TLEs are shown to have offsets as large as several
arcminutes. This limitation will make satellite predic-
tion, masking, or cross-matching difficult for upcoming
observatories, particularly as the number of LEO satel-
lites continues to grow.

Significant work will be required to break the degener-
acy between temperature, geometric cross-section, and
emissivity for these objects. For example, one may
attempt to measure the thermal emission above the
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Alt/Az | 2782 Large LEO Satellites | 2022-12-25 to 2023-01-24

RA/Dec | 2782 Large LEO Satellites | 2022-12-25 to 2023-01-24

Satellite Sky Occupancy [0/;;,.%] Satellite Sky Occupancy [7"222"29]

FIG. 16.— Satellite fractional fill factor, defined in Section 6, averaged from December 25" 2022 through January 24" 2023. The entire
southern sky is shown in ecliptic coordinates in the left two images with all observed SPT-3G survey regions outlined in white and shown
in more detail in Figure 17. Great circles are drawn in yellow at RA=0,180 and RA=90,270 degrees with thin dotted grid lines every 15
degrees. The right image shows the fractional fill factor in local coordinates (altitude vs. azimuth at the South Pole).
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Rayleigh-Jeans tail in order to measure or place limits
on the temperature or to perform high-resolution imag-
ing to measure the geometric cross-section. The latter
will require a much more accurate method for calculating
satellite ephemeris than the current schema using TLEs.

An analysis of the possible effects of current satel-
lites on CMB survey data showed that satellite ther-
mal emission is not a significant component of survey
map noise, even in the scenario where every satellite is
above the glitch threshold. If large LEO constellations
increase the number of on-orbit satellites by an order of
magnitude, as expected in the coming decade, this in-
crease in survey map noise may become non-negligible
and reach the few percent level. Researchers conducting
short-duration transient searches should be aware of the
presence of satellites and will need to cross-check candi-
date events with the caveat that a large (several arcmin-
utes) matching radius would be needed. In general, for
map-based transient searches, these fast-moving satel-
lites get averaged down in fixed-sky coordinates to neg-
ligible levels over the ~hours-long observation, however
future searches directly in the time-ordered data may re-

quire more careful analysis.
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APPENDIX
SATELLITE ELEVATION CALCULATION

Due to the special geographic location of the South Pole, there are many satellites which will never rise above the
horizon. Figure 18 shows a cartoon graphic depicting the geometry of a satellite as observed from the South Pole. The
radius of Earth, Rgayth, is taken to be 6358 km and the elevation of the SPT above sea level (2.8km) is ignored.

REarth

Fic. 18.— Cartoon diagram showing the geometry of a satellite as observed from the South Pole. The satellite has orbital inclination,
i, and altitude, h. The line-of-sight distance to the SPT is d. This simple picture can be used to calculate if a satellite with given orbital

inclination and apogee will rise above the SPT-3G survey horizon.

The triangle in Figure 18, defined by sides (h4+Rgarth, REarth, d) with internal angles (1, ®, el4+90°), can be used to

solve for the elevation. Using the law of sines,

sin(90° + el)

h+REarth

sin(y)
_ , Al
REarth ( )

and the fact that the internal angles add up to 180 degrees, 7 can be written in terms of elevation and inclination, i.

Since ® = i—90°, Equation (A1) becomes

sin(90° + el)

sin(180° — (i — 90°) — (el +90°))

h+REarth -

) A2
REarth ( )
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which can be rearranged using some trig identities to obtain

cos(el)  sin(i)cos(el) + cos(i)sin(el) (A3)
h+REarth REarth )
Solving for elevation gives
el = tan™? 005(i) Risarth _ tan(i)| . (A4)

h+REarth

Figure 1 shows the calculated elevation from Equation (A4) of known satellites which are possibly visible above the
horizon from the South Pole using apogee as an upper limit for altitude.

THERMAL (BLACKBODY) EMISSION CALCULATION
The total emission from a blackbody at temperature T’ can be calculated using the Stefan-Boltzmann (SB) law
P = AO’SB T4, (Bl)

where A is the surface area and ogg = 5.67 x 1078 Wm™2K~* is the Stefan-Boltzmann constant. The in-band
emission is calculated by integrating the spectral radiance over the instrument bandpass. The spectral radiance can
be calculated using the Planck blackbody function, defined as

2h3 1

T) = B2
B0 T) = = (B2)
< _
P\ kpT
where h, ¢, and kp are the Planck constant, speed of light, and Boltzmann constant, respectively.
The fraction of the total emission which is radiated in-band is then calculated by dividing by (B1), namely,
r 7 [Bv,T)dv
— — B
fb USBT4 ( 3)

where fl? is the fractional emittance in band b at temperature T' and the integral is over the bandwidth. The factor of
7 in the numerator reflects the fact that the SB constant is calculated by integrating Equation B2 over the hemisphere.
For the Sun, using a blackbody temperature of 5780 K, the total emittance is 6.33 x 10" W/m?2. Integrating over the
surface area of the Sun, whose radius is 6.96 x 108 m, and radiating isotropically to a distance of 1 AU (1.5x10'* m),
the received power per unit area at Earth is 1370 W/m?. Similarly, for a satellite in thermal-equilibrium with Earth
(assumed to be a 300 K blackbody), the total emission (from Equation B1) is 460 W/m?. The fractional emittance
in each SPT-3G band at these two temperatures is given in Table B1 and assumes the top-hat bandpasses given in
Section 2.1.

TABLE B1
FRACTIONAL EMITTANCE (fg", EQUATION B3) IN EACH SPT-3G BAND FOR A BLACKBODY OF TEMPERATURE 5780 K AND 300 K.

95 GHz 150 GHz 220 GHz

300 K 1.5x1077 44x1077 1.6x10°6
5780 K 2.1x10~'1 62x10~11 23x10°10

The expected in-band emittance from a 300 K blackbody and from the Sun, incident on an object at 1 AU, can now
be calculated and is given in Table B2 in units of W/m? for each of the SPT-3G frequency bands. Using the fact that
at these frequencies and for the expected temperatures experienced by Earth-orbiting satellites, the Rayleigh-Jeans
limit is valid and the emitted power is simply proportional to temperature as

T
T _ T, 4 _ 300K
where €l is the emittance in band b for a blackbody of temperature 7.

It is now straight-forward to calculate the received power at the SPT primary aperture, 72, due to intrinsic thermal
emission from a satellite with apparent cross-sectional area, A, emissivity, €, and temperature, T’ (in K), at a distance,

d:
T 7 2
ptherm _ 4 1— 300K (7) ' B5
b ey (1—po) € 300K/ \4 (B5)
Pgherm is the received thermal power from the satellite in band b and p;, is the band-dependent atmospheric opacity.

It is possible that the emissivity ¢; is band-dependent, hence the subscript. G‘ZOOK is the in-band emittance at 300 K
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TABLE B2
IN-BAND EMITTANCE (eg) FROM A SURFACE FOR EACH SPT-3G BAND FROM A BLACKBODY AT 300 K AND REFLECTED SUNLIGHT AT 1 AU.

ALL VALUES ARE IN UNITS OF W/M2.

95 GHz 150 GHz 220 GHz

300 K 6.7x107° 20x10~* 7.5x107*
Sun (1AU) 28x107% 9.0x107% 3.1x1077

from Table B2, carrying the units W/m?. The final term is the effective fractional solid angle of the telescope aperture
at d, relative to the hemisphere (i.e. the factor of 7 in B3).

Since satellites are generally not perfect blackbodies and often have reflective thermal shielding, the Earth’s own
thermal emission may be reflected off of the satellite back to an observer on the ground. The additional emission can
be added to the thermal budget given the effective geometric form factor of the Earth, Fg, as seen from the satellite

to give
T r\?2 1—¢

Ptherm — A 1— 300K (7) 1 b F, ) B6
b e (L—pp) € 300K /) \2 + o E (B6)

For reference, the geometric form factor of the Earth for an object with an altitude, h, is

h(h + QREarth)

Fg=1—| ————= B7
B Rgaren +h (B7)

which varies from approximately 0.7 to 0.35 over the LEO altitude range (see Stevenson & Grafton 1961, pages 60-
61). Although the millimeter emissivity of the satellites is not known, it is clear from Equation B6 that the thermal
emission will be maximized as € approaches 1, and reduced to Fg times the nominal 300 K blackbody emission as &
approaches 0.

The received power can be converted to flux density via

therm
Pb

therm
- _ B
Sb Avy wr2’ (B8)
where A, is the bandwidth of band b. Plugging in Equation (B6), the telescope apertures cancel, leaving
T 1-—
A b (1 — pb) GSOOK (300:[{) <1 + £b FE)
Stherm _ = . (B9)

Aub 7Td2

Using Table B2, the incident power in the SPT-3G 150 GHz band can be calculated for a general satellite. For SPT-
3G, the standard calibration pipeline also corrects for atmospheric opacity during the time of observation by measuring
the flux of a known, non-varying astrophysical source. Equation (B9) is therefore simplified by setting p, = 0. An
assertion is made that 7" = 300 K and the degeneracy with A and &, is absorbed into an effective cross-section. This
represents the cross-sectional area that an object would have if it were a perfect 300 K blackbody and there was no
atmospheric extinction. Defining the effective cross-section as A,

orm A 1000 km \ >
P A =5 o (1o ) () (B10)
Similarly, the flux density measured at 150 GHz can be estimated as
- A 1000 km \
ST86e, (A, d) = 200 mJy (1 mg) ( y > : (B11)

SPECULAR REFLECTION CALCULATION

Before calculating the emittance due to a specular reflection, it is important to calculate the probability of actually
observing one. Because the angular diameter of the Sun is 0.5 deg, a specular reflection off of a large surface would
radiate into a cone of radius 0s,,=0.25 deg. If one decreases the size of the reflector, eventually diffraction will become
important as well. Including diffraction in quadrature, the reflection subtends an angle

6 = \/(1.222)2 + (Osun)?, (C1)

where X is the observed wavelength and D is the effective size (diameter) of the reflector. The radius of the diffraction
beam at Earth is df in the small angle approximation, where d is the line-of-sight distance to the satellite. For a
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2 mm wavelength, a 1 m effective diameter, and a LOS distance of 1000 km, the spot radius at Earth is 5 km and is
dominated by Oguy for a reflector with D >~0.6 m.

The probability that this diffraction disk is observable at a location on Earth is calculated assuming the orientation
of the reflector is random. The area illuminated by the reflected light is

0
Q =21 (1 —cosf) sr=4nsin? (2> sr, (C2)
and therefore the fraction of the total sky-area illuminated is

fsky = % = sin? (g) . (C3)

In the limit that the illumination angle is small,

po (5) =5 ((1225) + ), o

Thus for a 1 m diameter reflector and 150 GHz light (A = 2 mm), the fraction of sky illuminated by the specular
reflection is 5x1076. Of course, this is the probability of being able to observe a specular reflection for a single,
randomly oriented surface above your horizon at any given time.

Satellites are generally not monolithic panels and may contain many smaller sub-structures. If each satellite consists
of N panels with area A /N, the number of observed reflections will scale with N. The smaller panel sizes mean a larger
diffracted beam area, thus the probability of observing a reflection increases with another factor of N. The amplitude,
however, scales with N™! because of the smaller panel size and with N~! due to the larger diffracted beam area. In
this2 schema, the probability of observing specular reflections is proportional to N2 with an amplitude proportional to
N—=.

This instantaneous probability can be converted to a rate by considering the number of satellites which pass above
the SPT horizon, defined in this work as 28° elevation. As simplifying assumptions, each satellite’s orbital period is
assumed to be 100 minutes, each satellite can only be observed once per orbit, and orbits are randomly oriented on
the sky. The final assumption turns out not to be applicable to several sun-synchronous orbits as shown in Section 6,
which may increase or decrease the probability of observation depending on whether they move through the survey
region during each orbit or not. The sky area above the SPT horizon is approximately 18000 deg? and the SPT-3G
focal plane subtends ~2 deg?. Thus from Section 3 there are 2,286 satellites above the SPT-3G horizon, each possibly
observed once per 100 minutes with an observing efficiency of 2 deg?/ 18000 deg? This results in 0.15 satellites per
hour observed by SPT-3G as a lower limit. For an upper limit, each satellite is assumed to pass through one of the
SPT-3G survey regions on each orbit, changing the effective sky area to 4500 deg? and yielding a satellite observation
rate of 0.6 satellites per hour. If each satellite had a single reflective surface, the expected rate is of order 1076 per
hour which is about 1 observed specular reflection in 100 years!

Although the random orientation assumption may not be appropriate for operational satellites, one can extrapolate
from the well-known example of specular reflections off of Iridium satellite antennae, colloquially known as “Iridium
flares”. Following Hainaut, Olivier R. & Williams, Andrew P. (2020), the optical flare rate of the 66 satellite Iridium
constellation was a few per night and each satellite had three large reflecting panels. Assuming each of the satellites
visible to SPT-3G has only one such panel and with an observed rate scaled from Iridium (one-third of ~three flares per
66 satellites per night), the expected rate of satellite flares is about 35 over the observable sky per night. This means
that the expected number per SPT-3G field-of-view is 0.004 observed flares per night, which is roughly 1 observed
flare per year.

Being so rare, one may ask if it is even important to consider the impact of specular reflection flares. The emittance
calculated from diffuse solar reflection is only 0.1% that of thermal radiation in the SPT-3G bands (Table B2), however
if the reflection is specular, a much higher fraction of the total incident radiation may be beamed into the receiver.
This would cause a brief and bright signal which may masquerade as a short-duration astrophysical transient. Using
the same procedure as for thermal emission in Appendix B,

Sspec un r 2
PP =A-=) 1-p) 6™ (15) (Cs)
and 5
spec __ 6bun . o -2 -2
Sb = 7TAVb A (1 6[,) (1 p(,) d 0 , (CG)

where 6 is the subtended angle of reflection from Equation (C1) and is assumed to be within the small-angle regime.
Defining the reflecting surface area with the simple approximation that A = 7(D/2)? and plugging Equation (C1) into
(C5) and (C6), the received power from specular reflection of the Sun becomes

spec , _Sun C 2 A?
=G (3) ey am (0

Sun
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Optical opacity, p, has been calibrated out per the SPT calibration procedure and the surface is taken to be a perfect
reflector, i.e. (1 —e&, = 1). Using Table B2 to calculate the power received at 150 GHz (A=2 mm) gives

<1000 km)2< A >
spec d 1 m2
Pirec (A, d) ~ 86 fW

1 m? ’ (C8)
0.2 (A) +0.8
and similarly the flux density is
(1000 km)2 ( A >
st (A4,d) 3.3y~ L A (©9)
0.2 ( " ) +0.8

TLE PRECISION

This appendix simply provides the figures which show the TLE-derived satellite-centered maps. A satellite whose
orbit is accurately described by the TLE should be found at the center of these maps, indicating that in the majority
of cases, the satellites are offset by several arcminutes.

STARLINK

1.06+-0.04 Jy 1.02+-0.05 Jy 1.01+-0.06 Jy Liﬁ-o.zg Jy, a 1.02+-0.04 Jy
- -
- L] - -
1.24+-012 )y 1.80+-0.13 Jy 1.12+-0.10 Jy 1.17+-0.09 Jy 1.02+-0.07 Jy
—
L] s - - -
—
1.15+-0.10 Jy 1.18+-0.10 Jy 1.05+-0.10 Jy 1.33+-0.04 Jy 1.07+-0.12 )y
- L - - -
|
1.14+-0.22 )y 1.214-0.11 Jy 1.13+-0.12 )y 1.24+-023)y il 1.07+-0.15 Jy
. L
- f L - -
——. -
1.17+-0.10Jy 1.22+-0.12 )y 1.06+-0.04 Jy 1.45+-0.29 Jy 1.52+-0.10 Jy
- - -
-

FI1G. 19.— 20’x20’ co-moving maps of 25 high signal-to-noise observations of Starlink satellites by SPT-3G at 150 GHz. Each map is
centered on the nominal, TLE-derived position of the satellite. Some streaks are visible along the telescope scan direction and may be due
to a nearby bright astrophysical source or localized readout noise.

This paper was built using the Open Journal of Astrophysics I TEX template. The OJA is a journal which provides
fast and easy peer review for new papers in the astro-ph section of the arXiv, making the reviewing process simpler
for authors and referees alike. Learn more at http://astro.theoj.org.
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IRIDIUM
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™ . -
1.04+-0.07 Jy 0.85+-0.07 Jy 0.82+-0.09 Jy 0.98+-0.05 Jy 1.38+-0.09 Jy
- .

- - .

0.93+-0.05 Jy 0.82+-0.05 Jy 0.96+-0.04 Jy 1.26+-0.04 Jy 1.69+-0.08 Jy
- - - -

1.03+-0.07 Jy 0.77+-0.07 Jy 0.76+-0.04 Jy 0.77+-0.04 Jy 0.78+-0.06 Jy

Fic. 20.— Same

as Figure 19 but for Iridium satellites.
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GSLV
7.78+-0.07 Jy 4.82+-0.04 Jy 7.58+-0.09 Jy 7.94+-0.06 Jy 9.15+-0.09 Jy
6.29+-0.08 Jy 7.67+-0.08 Jy 7.06+-0.04 Jy 13.42+-0.09 Jy 3.76+-0.06 Jy
. . - . .
10.88+-0.05 Jy 4.78+-0.04 Jy 3.05+-0.09 Jy 4.09+-0.05 Jy 4.75+-0.05 Jy
. .
. -
12.66+-0.07 Jy 7.58+-0.05 Jy 9.82+-0.05 Jy 3.95+-0.05 Jy 5.23+-0.07 Jy
. & -
3.93+-0.05 Jy 4.90+-0.07 Jy 4.12+4-0.05 Jy 3.91+-0.06 Jy 5.44+-0.09 Jy
- L

Fic. 21.— Same

as Figure 19 but for the two LVM3 rocket bodies discussed in Section 5.2.
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