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We present a measurement of the B-mode polarization power spectrum of the cosmic microwave
background anisotropies at 32 < ¢ < 502 for three bands centered at 95, 150, and 220 GHz using
data from the SPT-3G receiver on the South Pole Telescope. This work uses SPT-3G observations
from the 2019 and 2020 winter observing seasons of a ~1500 deg® patch of sky that directly overlaps
with fields observed with the BICEP /Keck family of telescopes, and covers part of the proposed
Simons Observatory and CMB-54 deep fields. Employing new techniques for mitigating polarized
atmospheric noise, the SPT-3G data demonstrates a white noise level of 9.3 (6.7) pK-arcmin at
£ ~ 500 for the 95 GHz (150 GHz) data, with a 1/¢ noise knee at £ = 128 (182). We fit the observed
six auto- and cross-frequency B-mode power spectra to a model including lensed ACDM B-modes
and a combination of Galactic and extragalactic foregrounds. This work characterizes foregrounds in
the vicinity of the BICEP /Keck survey area, finding foreground power consistent with that reported
by the BICEP /Keck collaboration within the same region, and a factor of ~ 3 higher power over
the full SPT-3G survey area. Using SPT-3G data over the BICEP /Keck survey area, we place a
95% upper limit on the tensor-to-scalar ratio of » < 0.25 and find the statistical uncertainty on r to

be o(r) = 0.067.

I. INTRODUCTION

The ACDM cosmological model provides a precise
framework for describing the evolution and composition
of the universe. However, ACDM does not address
fundamental questions about the initial conditions of the
universe, such as the observed temperature uniformity of
the cosmic microwave background (CMB) or the origin
of large-scale structure.

One of the most compelling proposed extensions to
ACDM is the theory of inflation [e.g., 17, [24], which
postulates a period of accelerating expansion in the
very early universe. This rapid expansion stretches
primordial quantum fluctuations to create tiny density
fluctuations that grow into the CMB anisotropies and
eventually become the galaxies and stars that make up
the large-scale structure of the universe today. Inflation
makes clear predictions for the initial conditions and
geometry of the Universe such as flatness and a nearly
scale-invariant power spectrum of primordial scalar
perturbations, which have since been observationally
confirmed [e.g., BI]. Inflationary models also predict
primordial tensor perturbations (gravitational waves),
with an amplitude that depends on the energy scale of
inflation and the shape of the inflationary potential. The
inflationary gravitational wave background is yet to be
observed, and detecting these gravitational waves would
provide new clues to the physics of the early universe.

The current best way to detect the signature of
inflation is through the polarization patterns of the
CMB. [33] [23] CMB polarization can be decomposed
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into even-parity F modes and odd-parity B modes.
Tensor perturbations from inflation are predicted to
generate both E modes and B modes. Scalar
perturbations (density fluctuations) produce high levels
of E-mode power but negligible B-mode polarization.
This makes B-mode polarization a higher signal-to-noise
observational channel for detecting the faint imprint
of inflationary gravitational waves. However, Galactic
emission also contributes to B-mode power at the large
angular scales where the inflationary contributions are
expected to peak (¢ ~ 80). This power can be reduced
by leveraging the different spectral behavior of Galactic
foreground emission. Additionally, gravitational lensing
mixes some F-mode power into B modes; the technique
of “delensing” [e.g., B, 25, 29] can be applied to reduce
the lensing B modes.

The power in gravitational waves can be parameterized
in terms of the tensor-to-scalar ratio, ». Upper limits on
r from CMB B modes have been set by experiments such
as ABS [26], BICEP /Keck [4], Planck [38], POLARBEAR
[1], SpipER [5], and SPTpol [32], though no detection
has been made. The most stringent constraints on
inflationary gravitational waves comes from analyses
of the most recent BICEP/Keck, WMAP, and Planck
data releases [4 38|, with the analysis from the BICEP
collaboration reporting an upper limit of » < 0.036.

This work uses data from the 2019 and 2020 austral
winter seasons of the SPT-3G survey on the South
Pole Telescope, covering ~1500deg? centered at right
ascension 0" and declination —56°. The main survey
field for SPT-3G was originally defined using iso-weight
contours from the BICEP3 telescope [2], as a proxy
for the eventual footprint of the BICEP Array [22].
The SPT-3G region thus defined is centered on the
BICEP /Keck field, but expands the sky area by a factor
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of 3.7 compared to the BICEP/Keck mask from the
most recent B-mode analysis from the BICEP/Keck
collaboration [4], henceforth referred to as BKIS.
Additional sky coverage near the BICEP/Keck field is
useful for characterizing foregrounds, the mitigation of
which is essential for future surveys that cover a larger
patch of sky than BICEP/Keck, such as those planned
by the Simons Observatory and CMB-S4.

We present measurements of the B-mode auto- and
cross-power spectra of the six possible combinations
of SPT-3G maps at 95, 150, and 220 GHz, employing
an unbiased method of polarized atmospheric noise
mitigation that uses the multi-chroic design of the SPT-
3G detectors. We compare the measured bandpowers
to a model that includes ACDM lensing-induced
B modes, Galactic dust, extragalactic radio galaxies, and
inflationary gravitational waves to constrain both the
tensor-to-scalar ratio r and the properties of foreground
emission over the observed sky region.

This paper is organized as follows: Section [[T describes
the SPT-3G instrument and observation strategy.
Sections [[TT] and [[V] describe the processing of raw time-
ordered data into individual frequency maps, with a
focus on the algorithm we use to mitigate contamination
from polarized atmospheric emission and the apodization
masks we use in this analysis. Section [V] describes
the process of turning these maps into measurements
of the on-sky power spectrum and describes the steps
and internal consistency checks we perform to ensure
that our power spectra are not significantly biased by
instrumental systematics. We describe the model and
likelihood in Section [VIl We present the measured CMB
power spectra and constraints on r and foreground
emission in Section [VII and conclude in Section [VITIL

II. INSTRUMENT AND OBSERVATIONS

The South Pole Telescope [SPT, MI] is a 10-
meter-diameter off-axis Gregorian telescope designed
for observations of the CMB. The SPT-3G receiver
focuses incident light from the sky onto an array of
broadband dual-polarization antennas. The signal from
each antenna is split into three bands centered at
95, 150, and 220 GHz via in-line band-defining filters.
These couple to approximately 16,000 transition-edge
sensor bolometers. This work utilizes data from the
SPT-3G receiver acquired during the 2019 and 2020
austral winter observing seasons. The data cover a
~1500deg? area centered at right ascension Oh and
declination —56°. Observations are divided into four
overlapping raster-scanned subfields, each of which is
the full width of the field (from 20%40™ to 3h20™)
in right ascension and roughly one quarter (7.5°) of
the field height in declination. Observations consist
of constant-elevation scans in azimuth, with steps in
elevation after one right-going and one left-going scan.
With an azimuthal scanning rate of 1 degree per second,

each scan lasts approximately 100 seconds, and a single
subfield observation is completed in ~2.5 hours. The
temperature response of the instrument is calibrated
with regular observations of HII regions of known flux,
specifically MAT 5a and RCW 38. More details on the
instrument and calibration strategy can be found in
Sobrin et al. [34].

III. DATA REDUCTION

Following previous SPT analyses [e.g., 13, 19, B2],
we use an observation-by-observation filter-and-bin
mapmaker.  This approach is advantageous due to
its simplicity and the ability to perform observation-
by-observation map processing steps to match changes
in noise, including those due to polarized atmospheric
emission. First, a series of data cuts removes low-quality
data from the processing pipeline. Exclusion reasons
include an excess of “glitches” (statistically unlikely
deviations from a rolling average), lack of calibration
information, improperly biased detectors, low signal-to-
noise on calibration sources, or readout errors. We
analyze the remaining data on a scan-by-scan basis. We
low-pass filter each scan of time-ordered-data (TOD)
with a filter cutoff of £ = 3000 to reduce aliasing of high-
frequency noise beyond the spatial Nyquist frequency
of the map pixel size. We high-pass filter the data
by subtracting a 10th-order polynomial to reduce low-
frequency noise on spatial scales larger than ~10°.

In contrast with previous SPT power spectrum
analyses, two additional operations are performed to
specifically target low-¢ polarized noise before the
individual detector data are averaged into a map.
First, to reduce temperature-to-polarization leakage, we
calibrate the relative detector gains in each frequency
band for each pair of orthogonal polarizations in a
pixel. The gain factors are determined by minimizing
the difference in intra-pixel response to unpolarized
atmospheric signal during the telescope elevation slews
that precede each field observation. This recalibration
mitigates gain mismatches within pixel pairs that
arise from variations in frequency bandpasses or beam
profiles between detectors. This additional calibration
step offers a ~20% improvement in polarized large-
angular-scale noise (¢ < 150) over the typical SPT
method of calibrating relative detector gains using
astrophysical sources. It is interesting to note that,
unlike previous SPT-3G analyses, we detect negligible
(£ 0.1%) monopole temperature-to-polarization leakage
below ¢ = 500 in the final maps.

Additionally, to further reduce polarized noise with
relative detector weights, we form “pair-difference” TOD
by differencing the detector TOD within the same
pixel. This “pair-difference” TOD subtracts the common
component of the dominant signal in each detector’s
TOD, the unpolarized atmospheric signal, allowing for
the variance to be dominated by polarized noise. We
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FIG. 1. Noise curves using different atmospheric contamination mitigation techniques. Left: Q 150 GHz noise power, Right: U
150 GHz noise power. The dotted blue curve in each panel is the noise level using weighting and calibration choices typically
used for SPT-3G maps optimized for high-¢ science, namely HII region gains and TOD weighted by the 1-4 Hz white noise
region in temperature. It should be noted that for such analyses a much stronger high-pass filter is applied, which results
in a complete loss of low-£ information but a significantly reduced white noise level (below the red curves). The dashed red
curve in each panel shows the improvement from implementing polarization-sensitive low-frequency weights, and determining
relative detector gains from elevation slews. These improvements help more in U than in Q. The residual Q/U asymmetry
highlights the impact of polarized atmosphere, which can be directly targeted by power-spectrum-based map weights and

polarized atmosphere map-based subtraction (solid red line; see Section [IV A} |12]). Red curves adapted from [12].

then give both intra-pixel detectors the same weight,
assigned from the inverse variance of low-frequency
(0.1-1Hz) noise power in the pair-difference TOD.
This weighting approach downweights detectors with
elevated non-common low-frequency polarized noise.
This approach yields a substantial improvement in
low-¢ polarized noise performance, as illustrated by
the transition from the blue to red dashed curves in
Figure The blue curves reflect the noise levels using
weighting and calibration choices typically used for SPT-
3G maps optimized for high-¢ temperature analyses,
whereas the red dashed curves show the improvement
from implementing pair-difference-based low-frequency
weighting and gain calibration using elevation slews.
These methods significantly reduce large-scale polarized
noise, particularly in U, by targeting polarized noise
sources prior to mapmaking.

IV. MAPS

We bin the filtered and weighted detector TOD
into Stokes T, @, and U HEALPix [I5] maps on
an observation-by-observation basis, using methods
established in previous SPT analyses [e.g., [I3]. Before
combining these single-observation maps into a final, full-
depth, weighted average of all the observation maps, or
“coadd,” we implement two additional processing steps
to mitigate contamination from polarized atmospheric
emission.

A. Mitigation of Polarized Atmosphere

We find polarized atmosphere to be the largest source
of polarized noise in SPT-3G large-angular-scale (¢ <
200) data. This polarized emission, primarily arising
from horizontally aligned ice crystals in the atmosphere,
manifests as excess noise in the horizon-aligned Stokes
@ polarization on large angular scales. The spatial
distribution of these ice crystals follows the spatial
scaling expected from Kolmogorov turbulence, and their
polarized emission shows a steep frequency dependence
consistent with a combination of Rayleigh scattering and
thermal emission. More details on the characterization
of polarized atmosphere at the South Pole and the
mitigation strategies we describe can be found in Coerver
et al. [12].

To mitigate polarized atmospheric noise in the
150 GHz data, we subtract a scaled version of the
220GHz @ map from each 150GHz () map on
an observation-by-observation basis. Prior to this
subtraction, the full-depth coadd (a high signal-to-noise
map of fixed sky signals) is removed from each 220 GHz
observation map, and a Butterworth low-pass filter is
applied at the angular scale where the map noise becomes
dominated by detector noise. These steps isolate the
changing atmospheric component in the 220 GHz map,
which is then used to clean the 150 GHz map. This
technique utilizes the stable frequency scaling of the
atmospheric polarization and our co-pointing tri-chroic
detectors.  This improves noise levels for ~70% of
observations, reducing large-angular-scale noise without
affecting the CMB and other fixed sky signals or



Map-based Noise [pK-arcmin|

optimization Band Lxnee high-¢ ¢ =280
no 95 GHz 166 8.6 23.1
150 GHz 259 6.7 43.9

220GHz 318 26.5 247.7
yes 95GHz 128 9.3 18.0
150 GHz 182 7.6 19.7
220GHz 144 32.2 68.1

TABLE 1. Table of the fxnee and white (high-£) noise level
in pgK-arcmin for different polarized atmosphere optimization
strategies. The data without map-based optimization include
10th order polynomial filtering, 0.1-1Hz pair-difference
polarized weights, and elevation slew gains as described in
the text (the red dashed curve in Figure [1). The data with
map-based optimization include the same steps as above,
in addition to power spectrum map weights and map-based
polarized atmosphere subtraction for the 150 GHz data as
described in the text (the solid red curve in Figure [1)). The
Lxnee is reduced with the map-based renormalization steps,
but the white noise amplitudes increase due to the reduction
in effective data volume from weighting.

introducing bias. Such a subtraction is not necessary
for the 95 GHz data since the atmospheric spectrum is so
steep with frequency.

After cleaning each observation map, we create the full-
depth coadd and data subset, or “bundle,” coadds with
a weighted average of observations. These weights are
determined from the low-frequency noise (¢ = 50 — 250)
in the Q and U power spectra of each observation map.
This downweights maps with noise correlated between
detectors such as that expected from the polarized
atmosphere. This weighting ensures that lower-noise
observations contribute more to the final data products.
Together, these methods effectively mitigate atmospheric
contamination, leading to a 5x improvement in polarized
noise power in the range ¢ ~ 30 — 100, the regime
important for sensitivity to inflationary B modes.
The impact of both the map-based and TOD-based
mitigation techniques is shown in Figure [I] and Table [}
The transition from the red dashed to solid red curve in
Figure[fhighlights the additional benefit of incorporating
power-spectrum-derived observation weights and direct
subtraction of polarized atmospheric emission using
the 220 GHz maps. These map-based optimizations
provide a further reduction in large-scale polarized noise,
particularly in @, and are useful tools for achieving the
low noise levels necessary for robust B-mode sensitivity
at £ < 200.

B. QU Rotation

The linear polarization angle of each individual
detector is set by its orientation in the focal plane.

Mask Amplitude
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FIG. 2. The two apodization masks used in this work. Top:
SPT-3G 1500 deg? field (fsxy = 0.037). Bottom: BK18 mask
(fsky = 0.010).

After installation, the nominal angles are checked with
observations of Centaurus A (see Sobrin et al. [34 for
details). Residual errors in these angles result in two
effects: 1) random detector-to-detector variations result
in loss of polarization efficiency, which is folded into the
overall polarization calibration factor (Section [V'A); 2)
an error in the mean angle results in an effective rotation
of the polarization coordinate system, which in turn
results in the following relationship between observed and
true @ and U skies:

Q+ iU = (Q +1iU) ¥4V, (1)

where A is the mean angle error. To correct for this,
we perform the global angle rotation of the @ and U
maps that minimizes the T'B and E B spectra, following
the expectations in Kamionkowski et al. [23], Seljak &
Zaldarriaga [33)].

We rotate the 95 GHz maps by Ay = 0.008 radians,
the 150 GHz maps by Ay = 0.007 radians, and the
220 GHz maps by Ay = —0.006 radians.

C. Apodization Mask and Maps

As discussed in Section [[] the SPT-3G survey region is
centered on the BICEP /Keck field but extends beyond



its core area. The sky coverage difference can be seen in
the top and bottom panels of Figure 2] There are two
reasons for the wider area. First, the SPT-3G region was
designed to match the larger footprint of the BICEP3 and
future BICEP Array fields, which partially accounts for
the larger sky coverage of SPT-3G vs. BK18. Second, the
SPT-3G field-of-view is smaller than that of the BICEP
Array, which leads to a sharper transition from zero
weight areas outside the survey to the complete coverage
region of the survey.

For the apodization mask for the SPT-3G field, we
first create a binary mask to avoid areas with low SPT-
3G data weight. We then calculate the distance to the
edge 6 and multiply the respective binary masks by the
functional form 0.5 (1 —cos (7 -6/2°)). This smoothly
adjusts the mask to zero within 2° of the edges,
mitigating edge effects in the analysis. We upsample
and smooth the published BK18 mask to accommodate
the higher pixel resolution. The SPT-3G 1500 deg?
apodization mask and the upsampled and smoothed
BK18 apodization mask can be seen in Figure 2]

The final SPT-3G E-mode and B-mode maps for the
1500 deg? field are presented in Figure The higher
levels of foregrounds in the SPT-3G field can be seen in
the bottom right-hand corner, motivating the choice of
the BK18 mask for the baseline science result.

D. Noise realizations

To get an accurate estimate of the B-mode power
spectrum noise, we generate “signflip” noise maps by
assigning a random +1 or —1 sign to each observation
map and combining them in a weighted average. To
remove residual astrophysical signal resulting from non-
uniform weights, we construct a template of the sky
from the coadd of all observations and subtract that
signal from each of the observation maps before they
are combined to produce the signflip noise estimate.
This subtraction ensures that the astrophysical signal
is effectively canceled, leaving a realization of the
observational noise. Because of our large number of
observations, this method provides an estimate of the
noise without the necessity of a complete instrument
noise model. Noise spectra are calculated by averaging
the spectra of 100 of these signflip maps.

V. POWER SPECTRUM METHODS

We use the NaMaster library [8] to calculate pure B-
mode maps and power spectra from the measured @ and
U maps. We calculate all auto- and cross-power spectra
between our 3 bands, leading to a total of 6 spectra:
95 x 95 GHz, 95 x 150 GHz, 95 x 220 GHz, 150 x 150 GHz,
150 x 220 GHz, and 220 x 220 GHz.

The measured spectra are related to the true sky power

by Hivon et al. [21]
(Ce) = FyBF(Cy), (2)

where (Cy) is the ensemble average of the biased power
spectrum estimate from NaMaster and (C;) is the
ensemble average of the true sky power spectrum. To
measure (Cy), we use an average over the cross-bundle
power spectra from NaMaster of 24 chronological equal-
weight data bundles. The use of bundle cross-spectra
is performed to eliminate noise bias. The NaMaster
estimate of (C;) has been corrected for cross-coupling
of power between different ¢ modes [8]. Fy is the
effective filter transfer function induced by the time-
domain filtering of the TOD and pixelation of the map,
while the beam, B, describes the instrument response
to a point source.

We calculate Fp by creating mock TOD from 100
simulated CMB skies. Each sky is a Gaussian random
realization of C; that include ACDM CMB with r =
0 plus Galactic dust with levels matched to the region
of the sky following the model described in Section [VI
We then process these TOD through our filtering,
mapmaking and power spectrum estimation pipeline, and
calculate the ratio with respect to the input Cy.

The beam, B7, is measured using a combination of
dedicated Saturn observations and bright sources in the
SPT-3G survey field. The Saturn observations provide
a high signal-to-noise ratio on the large-scale beam side
lobes (~1 degree). However, Saturn is so bright that it
saturates some of the detectors when they pass directly
over the disk of the planet. Therefore, we excise the
main lobe of the beam from the Saturn maps (pixels at a
distance < 1/5 from the center of Saturn), and stitch in
maps of the bright sources in the survey field to recover
the main lobe. We perform this stitching operation on
all possible pairs of Saturn and bright source maps, then
construct cross-spectra of the stitched maps to calculate
By.  As reported in Ge et al. [I4], there is evidence
the sidelobe level for the polarized beam is lower than
measured for the intensity beam. We performed our
analysis both assuming the polarized beam is identical
to the intensity beam and again with the depolarized
sidelobe model and find consistent results. The results
presented in the following sections use the intensity
beam. Following Hivon et al. [2I] we bin our final
bandpowers using weights w corresponding to

2
y
(CBBIGW theor, )
1

var (CEB) ’

w =

3)

where the numerator is an inflationary gravitational
wave (IGW) theory curve and the denominator is the
variance in the B-mode power spectrum calculated from
the diagonal of the covariance matrix. Therefore we
weight our final bandpowers on signal-to-noise, with bins
of ¢ = 32—-102, ¢ = 102—202, ¢ = 202—302, ¢ = 302—402,
and ¢ = 402 — 502.
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FIG. 3. E-mode and B-mode maps for the 1500 deg? SPT-3G field. A bandpass filter over £ € 30 — 150 has been applied to
visually highlight the large angular scales where the inflationary signal peaks. Elevated levels of foreground emission can be
seen on the right side of the map, especially at 220 GHz, noting that the BK18 mask in Figure [2] avoids these regions.

A. Power Spectrum Calibration Terms

We apply two additional calibration terms to the final
power spectra: absolute polarization calibration and
EB/TB subtraction.

We estimate the absolute polarization calibration in
each frequency band by comparing the measured
EFE power spectra at 302 < ¢ < 602 to the

best-fit ACDM model for the Planck 2018
base_plikHM_TTTEEE_lowl_lowE_lensing data
combination. We assume uncertainties in the

Planck model spectrum are negligible compared to
our measurement uncertainty.  We find calibration
uncertainties of 2.5%, 2.3%, and 3.6% respectively for
95, 150, and 220 GHz.

Following Sayre et al. [32], we subtract monopole E
to B and T to B leakage contributions to the observed

’7 .
spectra DbBB to recover the true spectra DEB via

(DFP)*
DFE

(DF)”

'BB _ BB
D77 = Dy” + DIT

+

(4)

where D; = £(¢ + 1)C;/2m and b denotes the bin. This
subtraction compensates for any residual leakage after
the QU rotation described in Section [VB] The second
term accounts for correlations between B and E from,
for example, miscalibration of polarization angles, beam
effects, or F to B filtering leakage. The third term
accounts for correlations between B and T from an error
in the absolute polarization angle or T to B filtering
leakage, among other effects. In the lowest ¢ bin, these
terms are less than 3x 10~41K? for 95x 95 GHz, less than
6x 1074 uK? for 150 x 150 GHz, and less than 2x 1073 K>
for 220 x 220 GHz.

Unlike B-mode experiments with small aperture
telescopes with degree-scale beam sizes, SPT-3G has a



small arcmin-scale beam. Therefore, we can neglect
contributions to the power spectra from higher-order
beam leakage. For example, for dipole leakage, the
strength of the leakage depends on the dipole moment,
which comes from systematic pointing offsets correlated
with polarization angle.  For us to have a large
enough dipole moment to bias the angular scales where
inflationary B-modes peak, our pointing offsets would
have to be wrong by a full beam width. We know the
offsets are much smaller from the angular size of the
point sources in our maps. The same argument follows
for higher-order leakage terms.

B. Null Tests

To look for evidence of systematic contamination of the
data, we carry out the following “null tests” following the
methods of Dutcher et al. [13] and previous SPT analyses.
We split the data in five ways: 1) chronologically,
2) based on whether the sun is above or below the
horizon, 3) based on whether the moon is above or below
the horizon, 4) the azimuth of the field, and 5) the
direction of motion of the telescope. For each null test,
we construct a “null spectrum” by dividing the maps
into two bundles depending on the systematic effect in
question, then subtract the bundles to null any sky-locked
contributions. This leaves a spectrum that is maximally
sensitive to the systematic effect. We then compare the
null spectrum to an “expectation spectrum” constructed
by multiplying individual observation maps in both
bundles by +1 or —1, then subtracting the bundles to
provide an estimate of the noise bias. The expectation
spectrum is then computed 100 times for 100 different
random +1/—1 combinations. Then we calculate the
x2 of the null spectrum compared to the expectation
spectrum. From this, we calculate the probability to
exceed (PTE) this x? value, given the number of degrees
of freedom, using the cumulative distribution function.
The PTE values of the different bands and null tests can
be seen in Table [

Following [13], we set passing criteria for the null tests
as: 1) The entire table of PTE values is consistent
with a uniform distribution between 0 and 1, with
a Kolmogorov-Smirnov (KS) test p-value > 0.05; 2)
individual PTE values are larger than 0.05/Niests =
0.0008, where Niests is the number of bands x number
of null tests x number of polarization combinations; 3)
using Fisher’s method, the combination of PTEs across
each band for BB/EB/TB/EE, for each test, has a PTE
above 0.05/Nyows = 0.01 where Nyows is the number of
null tests. All of these tests pass: the data have a KS
test p-value of 0.61, all individual PTE values are larger
than 0.0008 as shown in Table [[I] and the Fisher PTE
values all exceed 0.01 with values of 0.82 (azimuth), 0.29
(chron), 0.86 (moon), 0.18 (scan dir), and 0.38 (sun).

Band Null Test BB EB TB EE
95 GHz azimuth | 0.4590 0.8989 0.1645 0.3783
chron 0.3643 0.1007 0.6008 0.0711
moon 0.6677 0.4731 0.9950 0.1028
scan dir | 0.0564 0.3512 0.1047 0.5628
sun 0.1326  0.4059 0.4908 0.0227
150 GHz  azimuth | 0.9057 0.5470 0.2964 0.9920
chron 0.5088 0.6891 0.8624 0.5716
moon 0.6651 0.7043 0.6330 0.3171
scan dir | 0.6737 0.3872 0.6984 0.9002
sun 0.4722 0.5360 0.7980 0.7508
220GHz  azimuth | 0.5218 0.1227 0.8817 0.6889
chron 0.3816  0.5205 0.0972  0.2228
moon 0.4158 0.6601 0.3119 0.8766
scan dir | 0.0577 0.3904 0.9461 0.0746
sun 0.3521  0.2457 0.8367 0.4394

TABLE II. Individual null test PTE values for each test across
all frequencies and spectra. The individual PTE values are
all larger than 0.0008 and their statistics in ensemble pass
the tests described in Section [V Bl We find no evidence for
systematic biases.

C. Covariance

The covariance matrix encapsulates both the variance
and bin-to-bin correlations of the bandpowers, including
between frequency bands. This is necessary to
construct the likelihood and for cosmological parameter
constraints.

We use 100 signal-plus-noise simulations to calculate
the covariance matrix. For each mask, we generate a
set of 100 signal realizations as described in Section [V}
with a level of Galactic dust power matched to the
dust level within the mask footprint. FEach signal-
plus-noise simulation is then constructed by summing
one signal realization with one randomly chosen signflip
noise realization. = This approach ensures that the
covariance captures the relationship between signal and
noise contributions while accounting for the actual
characteristics of the instrumental noise. Since this is
a noisy realization of the true covariance matrix, we
“condition” the estimate by zeroing off-diagonal elements
that are statistically consistent with noise, ensuring the
matrix better reflects the true underlying correlations.

VI. MODELING AND LIKELTHOOD

To derive parameter constraints, we compare the
measured bandpowers to modeled power spectra. We
do this with the Hamimeche-Lewis (H&L) likelihood
approximation [I8] to account for the expected non-
Gaussian distribution of bandpowers. This method



¢ Center | Dy 95x95 D, 95x150 Dy 95x220 Dy 150x150 D, 150x220 Dy 220x220
75 0.009 (0.005)  0.020 (0.006) 0.006 (0.015)  0.042 (0.009) 0.053 (0.025)  0.165 (0.113)
150 | 0.010 (0.006) 0.001 (0.006) 0.009 (0.017) 0.012 (0.007) 0.026 (0.024)  0.211 (0.092)
245 0.039 (0.006) 0.026 (0.004) 0.028 (0.012) 0.032 (0.006) 0.055 (0.015)  0.133 (0.067)
346 0.034 (0.009)  0.033 (0.006) 0.047 (0.024)  0.040 (0.008) 0.053 (0.023) -0.058 (0.114)
447 | 0.057 (0.013)  0.049 (0.008) 0.061 (0.033) 0.063 (0.011) 0.084 (0.030)  0.341 (0.138)

TABLE III. Values of D, and o(D) for each bandpower bin for the SPT-3G data with the BK18 apodization mask. Each cell

lists the value and uncertainty in K.

—— Best Fit ACDM Lensing Galactic Dust Radio Galaxies Inflationary GW  #  SPT-3G Data
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FIG. 4. SPT-3G B-mode bandpowers for the BK18 mask for (top row) 95 x 95 GHz, 95 x 150 GHz, 150 x 150 GHz, (bottom
row) 95 x 220 GHz, 150 x 220 GHz, and 220 x 220 GHz. The bandpowers with their 1o error bars calculated from the covariance
matrix are presented in red. The black line shows the best-fit model from Section [VII] The colored lines show the best-fit model

broken up by component.

approximates the exact likelihood by applying a
transformation to the covariance matrix to be used in
the likelihood

®)

My, is the fiducial model covariance block diagonal
matrix calculated from the signal and noise sims
referenced above, a fiducial » = 0 model spectrum, and
noise calculated from signflips. Using vecp, the vector of
distinct matrix elements, we construct

—2InL (ce\(j@) = XTI, M} X

[Xy], = vecp (C}l@g [021/2 c, 021/2} 0}22) (6)
where g(x) = sign(z — 1)/2(z — In(z) — 1), and Cy is
the model spectrum for a sampled set of parameters.

All parameter constraints in this work are derived
using Markov Chain Monte Carlo, as implemented in the
Cobaya package [37].

A. Model

We fit the observed B-mode power to a 8-component
model that includes r, three calibration terms described
in Section lensing B modes (fixed to the expectation
for a Planck ACDM cosmology), a Poisson term for radio
galaxies, and Galactic dust emission. We report upper
limits on r with a uniform prior for r > 0.

As in previous works (e.g. BK18), we assume the dust
spectral energy distribution (SED) follows a modified
black body spectrum, v% B, (T), where v is the observing
frequency, 8 the index of the power law, and B,(T) is
a black body spectrum of temperature T. We fix the
temperature to T'= 19.6 K, as in BK18 and Akrami et al.
[7]. We set a broad uniform prior on 3 of 8 € [0,3]. We
model the angular dependence of the Galactic dust with



a simple power law

g e
Dy = ARG <80> ; (7)

with two free parameters, A}E%OGHZ the amplitude at
150 GHz and ¢ = 80, and the power-law index, a. We
use uniform priors on both parameters: A}i%OGHZ >0
and « € [-1.2,-0.2].

We model Poisson power from radio galaxies [16, B6]
as

R
95 GHz,r
Dy = AyZ500 ® (500> : (8)

We assume the spectral energy distribution S, of these
galaxies follows S, oc =975, We set a positive prior on
the amplitude A?igoléz’ '8,

In previous analyses from the BICEP/Keck
collaboration [4, @], an additional term was included
to model the synchrotron emission from the Galaxy.
The amount of synchrotron power from the BKI18
fits would be a negligible contribution relative to
the statistical uncertainty of our measurement. To
constrain synchrotron power outside the BK18 field, we
extrapolate the polarized synchrotron power measured
by WMAP data at 23 GHz [10, 20] over the SPT-3G
1500 deg? field to 95 GHz. This predicts a synchrotron
power of 1.5 x 1075 uK? in the first bin and even less in
other bins. As this is a factor of 300 times smaller than
the bandpower uncertainty in the first bin, we choose to
neglect synchrotron emission.

VII. MEASURED BANDPOWERS AND UPPER
LIMITS ON THE TENSOR-TO-SCALAR RATIO

We now present measured bandpowers from the SPT-
3G data and resulting constraints on the tensor-to-scalar
ratio. We first show in Section [VITA]the B-mode power
spectrum measured in our baseline analysis using the
SPT-3G data over the BK18 survey area, along with
derived parameter constraints on the tensor-to-scalar
ratio r and foreground emission. We then look at the
bandpowers measured across the full SPT-3G 1500 deg?
survey area in Section [VIIB] and discuss how elevated
foreground emission in this larger region impacts the
recovered cosmological constraints.

The bandpowers, covariance, and other data products
are available on the SPT Websit(ﬂ, along with a likelihood
implementation.

A. BK18 Survey Area

The auto- and cross-power spectra for the 95 GHz,
150 GHz, and 220 GHz bands of SPT-3G using the BK18

L https://pole.uchicago.edu/public/data/zebrowski25
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FIG. 5. Posterior probability distribution on the tensor-
to-scalar ratio, 7, inferred from the measured SPT-3G
bandpowers from the BK18 mask.
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FIG. 6. 2D posterior probability distribution on the tensor-
to-scalar ratio, r, and the Galactic dust amplitude at £ = 80
and 150 GHz, A2%SH?. The dark and light blue contours
mark the 68% and 95% credible intervals, respectively.

mask are tabulated in Table[[TIl The listed uncertainties
include sample and noise variance and are based on the
square root of the diagonal elements of the Gaussian
covariance matrix. In Figure [d the bandpowers are
plotted along with the best-fit model for Galactic and
extragalactic foreground emission plus lensing B modes.

We fit these data to the model described in Section [VI]
a 8-component model that includes r, three calibration
terms, lensing B modes, a Poisson term for radio galaxies,
and Galactic dust emission. We find the model provides
a reasonable fit to the data with a PTE of 42% at
the best-fit point. The recovered posterior probability
distribution of r is shown in Figure and the 2D
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Apodization Mask ‘ 95% CL  o(r) ‘ APBQSHz e B AP Sz s ‘ PTE
BK18 r<0.25 0.067 | 0.01310:00% —0.72970329%  2.197702%%  0.01170 050 | 42%
SPT-3G 1500deg® | r <0.25 0.068 | 0.03770002 —0.95670 125 1.6707032% 0.03670000 | 3.0%

TABLE IV. The 95% upper limits and estimated 1o uncertainty on the tensor-to-scalar ratio r from SPT-3G data for the BK18
and SPT-3G 1500 deg? apodization masks. Parameters for the Galactic dust model and extragalactic radio galaxies are also
reported. In the rightmost column, we report the PTE of the best-fit point from an F-distribution due to the uncertainty in

the covariance matrix estimate.

0.20 — Lensing B-modes R
¥ SPT-3G 95GHz
) BICEP/Keck 95 GHz

POLARBEAR 150 GHz E
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0.00
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FIG. 7. Ground-based B-mode measurement landscape.

Data are from SPTpol [32], ACT [28], PoLARBEAR [I], and
BICEP /Keck [4].

posterior probability distribution on r and the amplitude
of Galactic dust is shown in Figure[f] As expected, we see
a degeneracy between the amplitude of the dust power
and r, as illustrated in Figure [f] The inferred power
due to inflationary gravitational waves decreases as the
modeled Galactic dust power increases.

We set a 95% upper limit of r < 0.25, which is
the best upper limit on r from ground-based CMB
B modes outside of those from the BICEP/Keck
family of experiments. Figure [7] shows our B-mode
spectrum results alongside other recent ground-based
measurements.

The observed dust model parameters for the SPT-
3G data using the BK18 mask are listed in Table [[V]
and agree at approximately the lo level with the
reported dust power in BKI1S. While this does
not account for shared sample variance between the
experiments, the SPT-3G measurement is instrumental
noise limited. The agreement serves as a cross-check
of the BKI8 result, as the SPT and BICEP/Keck
experiments differ significantly in their instrument design
and systematic effects. Key differences include the beam
sizes (~1-2 arcmin for SPT-3G versus ~30 arcmin for
BICEP /Keck at 150 GHz), optical desigus, field of view,
scan speed, approaches to ground shielding, and readout

architecture.  Despite these differences, the derived
constraints on foreground parameters are consistent,
demonstrating the robustness of the modeling and
mitigation techniques across independent experimental
platforms.

B. SPT-3G 1500deg? Survey Area

We repeat the likelihood analysis using bandpowers
derived from the full SPT-3G 1500 deg? survey area.
This yields a 95% upper limit of r < 0.25, nearly
identical to the constraint from the BK18 region. While
the greater number of modes from the larger sky area
reduces statistical uncertainty, interpreting this result
requires accounting for the increased sample variance due
to Galactic foregrounds and the added model complexity
they introduce in this region.

The full SPT-3G footprint exhibits elevated levels of
foreground power compared to the BK18 region. This
discrepancy can be seen in the increase in amplitude
of A}GSHZ and A?i(;o%z’rg in Table by-eye in
Figure and through cross-correlation with Planck
353 GHz polarization maps, a tracer of Galactic dust [7].

This contrast in foreground emission is further
illustrated in Figure [§] which shows the Planck 353 GHz
polarization map across the SPT-3G survey area. The
black dashed line marks the half-power contour of the
BK18 apodization mask, highlighting how both Galactic
dust and bright radio sources are more prominent outside
this cleaner subregion. The Planck 353 GHz polarization
map shows significantly more diffuse dust emission
outside the BK18 high-weight region, indicating higher
and spatially variable Galactic dust power across the full
SPT-3G field. Similarly, the five brightest radio galaxies
in the SPT-3G survey area, marked by red x symbols,
are located outside the high-weight region of the BK18
mask. The brightest of these (marked by the larger x)
is located where the mask assigns only 40% weight and
has four times more flux than the next brightest source,
making it the dominant contributor from radio galaxies
in our fit.

This elevated and more complex foreground power is
not well described by the simple model presented in
Section [VI While the model performs adequately over
the BK18 region (PTE = 42%), it yields a significantly
degraded fit over the full footprint (PTE = 3.0%). Given
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FIG. 8. Planck 353 GHz polarization (P? = Q* + U?) in
the SPT-3G survey area, bandpass-filtered over ¢ € 30 — 200
to highlight the large angular scales where the inflationary
signal peaks. The black dashed line marks the half-power
contribution threshold of the BK18 apodization mask. Red
X symbols mark the locations of the five brightest polarized
radio galaxies in the SPT-3G field, with the brightest one
denoted with a larger x. Both Galactic dust emission and
polarized radio sources are more prominent outside the high-
weight BK18 region, highlighting the increased foreground
complexity across the full SPT-3G footprint.

that the model succeeds in the cleaner region and the
excess power across the full field has a dust-like SED,
we consider more complex Galactic foregrounds the most
likely explanation. For instance, spatial variations in the
dust SED, such as those reported by SPIDER [6], are not
captured by the assumptions of the current model.

Although the fit is poor, the resulting upper limit on
r is likely conservative. Excess unmodeled foreground
power at ¢ = 80 biases r upward rather than artificially
suppressing it, as excess power not well fit by the
foreground model will be interpreted as the inflationary
signal. We explored this effect by implementing more
flexible foreground models in the likelihood, e.g., ones
allowing for different power or SEDs as a function of
multipole, and found that the inferred upper limits on
r decreased. Adding more degrees of freedom to the
foreground modeling generically reduces the bias and
tightens the constraint. While we cannot fully rule out
residual systematics or covariance misestimation, either
would similarly add power and bias r high. The lo
uncertainty on r is also larger than in the BK18 region,
as the additional cosmic variance penalty from the higher
dust power increases more rapidly than the number of
modes gained by observing more sky.

This tradeoff highlights the importance of field
selection in future survey design. Expanding directly
around the BICEP/Keck field will likely require
more sophisticated foreground modeling or subtraction
techniques to fully realize the sensitivity gains of next-
generation instruments.
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VIII. CONCLUSION

We present new measurements of the B-mode power
spectrum using two years of SPT-3G data.  The
bandpowers are reported over the angular multipole
range 32 < ¢ < 502 for 6 frequency combinations: 95 x
95 GHz, 95 x150 GHz, 95x 220 GHz, 150 x 150 GHz, 150 x
220 GHz, and 220 x 220 GHz. We compare these data to
bandpowers from other experiments in Figure [7]] We fit
the observed B-mode power to a model consisting of a
combination of lensing-induced B modes, extragalactic
foregrounds, and Galactic dust. We place a 95% upper
limit on the tensor-to-scalar ratio of r < 0.25.

This work describes several key advancements in the
search for inflationary B modes. First, the data for this
work overlaps with the BICEP3 field, the proposed CMB-
S4 patch, and the Simons Observatory survey region.
We observe consistent levels of Galactic dust emission as
BK18 over the same sky area, but with an independent
analysis pipeline and different instrumental systematics.
The higher levels of Galactic dust emission we measure
at the edges of the BICEP /Keck field may inform future
survey design.

Second, these maps are well suited for future
work in cross-correlation with other experiments with
overlapping sky area such as the BICEP /Keck surveys,
Simons Observatory, or CMB-54. These analyses
can incorporate higher frequency bands to improve
constraints on Galactic dust, as well as for validating
component separation algorithms of both astrophysical
signals and instrumental systematics across a wide patch
of sky. Techniques to improve the reconstruction of
large-angular scale modes, like in this work, are also
relevant to gravitational lensing measurements. For the
E B lensing estimator in particular [30], the lensing signal
peaks at £ ~500 and the polarized noise performance
at these scales is very important. Gravitational lensing
measurements are critical to future constraints on
parameters such as the sum of neutrino masses that affect
the growth of large scale structure, and also to delens
future primordial gravitational wave searches.

Third, while investigating SPT-3G low-frequency
noise for this analysis, we determined that polarized
atmospheric emission was the limiting noise source for
SPT-3G on the angular scales relevant to inflationary
constraints. We demonstrate an unbiased method to
remove this noise from the data utilizing co-pointing
detectors of different frequencies and the fixed spectral
scaling of polarized atmospheric emission. Polarized
atmospheric noise has been observed in experiments
at both the South Pole and in Chile [e.g., 12, 27|
35]. However, this is the first CMB analysis that
explicitly mitigates polarized atmospheric noise. This
analysis serves as a demonstration that it is possible to
produce precise measurements of large-scale polarization
anisotropy with a large aperture ground-based telescope.

With two years of data, we have presented large-
angular-scale noise performance with SPT-3G and the



second-best ground-based B-mode constraint on 7.
Another three years of SPT-3G data on the 1500 deg?
patch (from 2021-2023) already exist, and at least
two more years (2025-2026) are planned. If the noise
continues to integrate down without being limited by
instrumental systematic effects, the noise variance on r
will be reduced by a factor of 2.5 with existing data taken
through 2023 and by a factor of 3.5 with data to be taken
through 2026.
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