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MeerKAT-SPT key science

1. High-redshift dusty star-forming galaxies

2. Galaxy cluster radio halos (and relics)

3. High-redshift hydroxyl megamasers

4. Radio and mm image-plane transients

5. Exotic radio morphologies

6. CMB cross-correlations and radio SZ



MeerKAT-SPT first 100 deg2 

100 deg2  down to ~10 µJy beam-1

~300,000 sources detected, many rare objects

Advanced calibration approaches were essential

Rich synergy with mm sources / SZ-selected clusters

Transient and spectral searches ongoing

>500 moons

MeerKAT 816 MHz map



MeerKAT-SPT full 800 deg2 

Expansion observations: May 2026 - April 2028

800 deg2  down to ~10 µJy beam-1

1.4 Petabytes of visibility data

~2,400,000 sources expected, many rare objects



MeerKAT 816 MHz map



Highest redshift ultra-steep spectrum radio halo

USSRH in SPT-CLJ2337→5942 5

Figure 1. Left: MeerKAT 816 MHz image of SPT-CLJ2337→5942 at R!"#$% →0.5, with a resolution of 8.9 arcsec ↑ 8.9 arcsec and position angle of 0.0 degree.
Contour levels are drawn at [→5, 5, 9, 13, 17] ↑ 1𝐿, where 𝐿 = 9.15 𝑀Jy beam→1. The labels A1 - A11 (including the two BCGs) indicate the compact sources
within the 𝑁500 cluster region (orange circle). Right: Lower resolution (high-𝑂B) MeerKAT 816 MHz image of SPT-CLJ2337→5942 with discrete sources
(denoted by small red circles) subtracted, at R!"#$% 0.0, with a resolution of 12.6 arcsec ↑ 9.9 arcsec and position angle of →2.17 degrees. Contour levels are
drawn at [→5, 5, 9, 13, 17] ↑ 1𝐿, where 𝐿 = 7.50 𝑀Jy beam→1, with negative contours shown as dashed lines. The cluster center is marked by an orange cross.
The synthesized beams for both images are shown in orange in the lower-left corners.

Figure 2. Left: Chandra X-ray image of SPT-CLJ2337→5942 in the 0.5 - 2.0 keV band, smoothed to 12 arcsec. The Gaussian smoothing kernel FWHM is
indicated in the bottom-left corner. The radio halo emission is shown as white (teal) contours in the left (right) panel, with levels at [→5, 5, 9, 13, 17] ↑ 1𝐿, where
𝐿 = 7.50 𝑀Jy beam→1. The emission traces the brightness peak and exhibits a filamentary morphology. Middle: Optical grz image of SPT-CLJ2337→5942 from
the DESI-Legacy-Surveys. The radio halo overlaps with two bright galaxies which are possible BCGs (e.g., Andersson et al. 2011) counterparts embedded in
the halo. Right: Spitzer/IRAC 3.6 𝑀m image (Ashby et al. 2013) with MeerKAT contours, highlighting the overdensity of mid-infrared (MIR)-detected cluster
galaxies. The IRAC panel also shows that several compact radio peaks have IR counterparts, while the di!use radio halo emission extends over the same region
as the cluster galaxy distribution.

sensitivity and image fidelity of the MeerKAT UHF band can reveal
distant USSRHs in relatively short observations (↓1 hr), enabling
large-area surveys conducive to the discovery of rare systems such as
this. At the same time, the discovery within a 100 deg2 area suggests
that USSRHs could be more common than the current total sample
(↓ 10) indicates, though this may depend on observational sensitivity
and selection e!ects (e.g., Cassano et al. 2012; Pasini et al. 2024).

Using the integrated flux density and spectral index of the halo,
we estimate a radio power of approximately 𝐿1.4 = 9.6 ± 0.9 ↑
1023 W Hz→1, scaled from the observed frequency of 816 MHz as-
suming the in-band spectral index. At high redshifts, relativistic elec-
trons experience enhanced energy losses due to inverse Compton (IC)
scattering with the increasingly dense cosmic microwave background
(CMB) photon field. This process shortens their radiative lifetimes
and suppresses the power and detectability of synchrotron-emitting

regions (e.g., Ferrari et al. 2008; Cassano et al. 2010; Lindner et al.
2014; Sweijen et al. 2022).

We compare this radio power to the sample of known USSRHs
(𝑀 ↓ 0.048→0.5), confirmed by multi-band radio detections reported
in the literature. This is a statistically small yet instructive sample,
including Abell 1132 (Wilber et al. 2018), Abell 1550 (Pasini et al.
2022), MACS J1149 (Bruno et al. 2021), A521 (Santra et al. 2024),
RXCJ1514.9→1523 (Giacintucci et al. 2011), Abell 2142 (Bruno
et al. 2023), Abell 697 (Macario et al. 2010), Abell 3404 (Duchesne
et al. 2021), Abell 2256 (Rajpurohit et al. 2023), Abell 1033 (Edler
et al. 2022), and A3562 (Venturi et al. 2022), along with the source
presented in this work. The 𝐿1.4 - 𝑁500 scaling relation (see Figure
4) shows that the USSRH radio power lies within the scatter of both
nearby and distant USSRH populations, occupying a region below
the ordinary halo correlation. By normalizing halo power by cluster
mass, we can test whether our system is unusual compared to known
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ABSTRACT
Radio halos are di!use synchrotron sources that trace the turbulent intracluster medium (ICM) of galaxy clusters. However, their
origin remains unknown. Two main formation models have been proposed: the hadronic model, in which relativistic electrons
are continuously injected by cosmic-ray protons; and the leptonic turbulent re-acceleration model, where cluster mergers re-
energise electrons in situ. A key discriminant between the two models would be the existence of ultra-steep spectrum radio halos
(USSRHs), which can only be produced through turbulent re-acceleration. Here we report the discovery of an USSRH in the
galaxy cluster SPT-CLJ2337↑5942 at redshift 𝐿 = 0.78 in the MeerKAT-South Pole Telescope 100 deg2 UHF (0.58 - 1.09 GHz)
survey. This discovery is noteworthy for two primary reasons: it is the highest redshift USSRH system to date; and the close
correspondence of the radio emission with the thermal ICM as traced by Chandra X-ray observations, further supporting the
leptonic re-acceleration model. The halo is under-luminous for its mass, consistent with a minor merger origin, which produces
steep-spectrum, lower luminosity halos. This result demonstrates the power of wide-field, high-fidelity, low-frequency (⊋ 1 GHz)
surveys like the MeerKAT-SPT 100 deg2 programme to probe the origin and evolution of radio halos over cosmic time, ahead
of the Square Kilometre Array.

Key words: galaxies: clusters: general - radio continuum: general - X-rays: galaxies - X-rays: galaxies: clusters
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1 INTRODUCTION

Galaxy clusters are the largest gravitationally bound structures in the
universe. Their halo masses are of order 1014↑15 M↓ and are primary
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which is in line with expectations (e.g. M. Pandey-Pommier et al. ; 
K. Rajpurohit et al. 2023 ; R. Santra et al. 2024 ). This low surface 
brightness, combined with their steep spectra, often causes USSRHs 
to be missed in wide-area surveys, as they require highly sensitive, 
high-fidelity images at frequencies v ! 1 GHz. SPT-CLJ2337 −5942 
is the most distant USSRH known to date, at a redshift of z = 0.78. 
This detection therefore demonstrates that the sensitivity and image 
fidelity of the MeerKAT UHF band can reveal distant USSRHs 
in relatively short observations ( ∼1 h), enabling large-area surveys 
conducive to the discovery of rare systems such as this. At the same 
time, the discovery within a 100 deg2 area suggests that USSRHs 
could be more common than the current total sample ( ∼10) indicates, 
though this may depend on observational sensitivity and selection 
effects (e.g. R. Cassano et al. 2012 ; T. Pasini et al. 2024 ). 

Using the integrated flux density and spectral index of the halo, 
we estimate a radio power of approximately P1 . 4 = 9 . 6 ± 0 . 9 ×
1023 W Hz−1 , scaled from the observed frequency of 816 MHz 
assuming the in-band spectral index. At high redshifts, relativistic 
electrons experience enhanced energy losses due to IC scattering 
with the increasingly dense CMB photon field. This process shortens 
their radiative lifetimes and suppresses the power and detectability 
of synchrotron-emitting regions (e.g. C. Ferrari et al. 2008 ; R. 
Cassano et al. 2010 ; R. R. Lindner et al. 2014 ; F. Sweijen et al. 
2022 ). 

We compare this radio power to the sample of known USSRHs 
( z ∼ 0 . 048–0 . 5), confirmed by multiband radio detections reported 
in the literature. This is a statistically small yet instructive sample, 
including Abell 1132 (A. Wilber et al. 2018 ), Abell 1550 (T. Pasini 
et al. 2022 ), MACS J1149 (L. Bruno et al. 2021 ), A521 (R. Santra 
et al. 2024 ), RXCJ1514.9 −1523 (S. Giacintucci et al. 2011 ), Abell 
2142 (L. Bruno et al. 2023 ), Abell 697 (G. Macario et al. 2010 ), 
Abell 3404 (S. W. Duchesne et al. 2021 ), Abell 2256 (K. Rajpurohit 
et al. 2023 ), Abell 1033 (H. W. Edler et al. 2022 ), and A3562 
(T. Venturi et al. 2022 ), along with the source presented in this 
work. The P1 . 4 –M500 scaling relation (see Fig. 4 ) shows that the 
USSRH radio power lies within the scatter of both nearby and distant 
USSRH populations, occupying a region below the ordinary halo 
correlation. By normalizing halo power by cluster mass, we can test 
whether our system is unusual compared to known USSRHs. Fig. 4 
further illustrates that while most USSRHs are found at z ! 0 . 5, our 
detection at z ∼ 0 . 78 extends this population to much higher redshift. 
Its P1 . 4 /M500 ratio is consistent with lower- z USSRHs, indicating that 
the underlying particle acceleration mechanisms remain comparably 
efficient out to cosmological lookback time of ∼7 Gyr. 

Assuming turbulent re-acceleration remains the dominant mech- 
anism (G. Brunetti et al. 2001 ; R. Cassano et al. 2006 ; G. Brunetti 
et al. 2008 ; R. Cassano et al. 2010 ; G. Brunetti & T. W. Jones 
2014 ), such a trend would suggest that stronger magnetic fields and 
enhanced turbulence are required at higher redshifts (G. Di Gennaro 
et al. 2025 ). This is particularly relevant given that IC losses increase 
with redshift (e.g. C. Ferrari et al. 2008 ; R. Cassano et al. 2010 ; 
R. R. Lindner et al. 2014 ), reducing the efficiency of synchrotron 
emission. Thus, sustaining radio halo luminosities comparable to 
low-redshift systems (G. Macario et al. 2010 ; S. Giacintucci et al. 
2011 ; A. Wilber et al. 2018 ; S. W. Duchesne et al. 2021 ; H. W. 
Edler et al. 2022 ; T. Pasini et al. 2022 ; T. Venturi et al. 2022 ; 
L. Bruno et al. 2023 ; K. Rajpurohit et al. 2023 ; R. Santra et al. 
2024 ) would necessitate a greater injection of turbulent energy or 
elevated magnetic field strengths in high- z clusters, as anticipated 
by turbulent re-acceleration models (e.g. G. Di Gennaro et al. 2021 ). 
This is shown in Fig. 4 , where the best-fitting line is based on the 
scaling relation studies of USSRHs conducted by V. Cuciti et al. 

Figure 4. Top: The P1 . 4 GHz –M500 scaling relation of known USSRHs (G. 
Macario et al. 2010 ; S. Giacintucci et al. 2011 ; A. Wilber et al. 2018 ; L. 
Bruno et al. 2021 ; S. W. Duchesne et al. 2021 ; H. W. Edler et al. 2022 ; T. 
Pasini et al. 2022 ; T. Venturi et al. 2022 ; L. Bruno et al. 2023 ; K. Rajpurohit 
et al. 2023 ; R. Santra et al. 2024 ). The USSRH presented in this work is 
marked with a red star. The solid line represents the correlation for normal 
and USSRHs, as reported by V. Cuciti et al. ( 2021b ). Bottom: Radio power 
at 1.4 GHz normalized by cluster mass, P1 . 4 /M500 , for known USSRHs as a 
function of redshift. 
( 2021b ), following the fitting procedure outlined in R. Cassano 
et al. ( 2013 ). The scaling relation further supports the USSRH 
classification, as the halo appears radio underluminous in comparison 
to the correlation reported by V. Cuciti et al. ( 2021b ) between 1.4 GHz 
radio power and the cluster mass.The detection of the USSRH in 
SPT-CLJ2337 −5942 provides compelling evidence in favour of the 
turbulent re-acceleration model over the hadronic scenario (e.g. B. 
Dennison 1980 ; P. Blasi & S. Colafrancesco 1999 ; G. Brunetti 2004 ), 
consistent with predictions that steep-spectrum haloes arise from 
turbulence-driven acceleration in the ICM. In merging clusters, steep- 
spectrum haloes are predicted to result from turbulence-driven accel- 
eration of relativistic electrons (G. Brunetti et al. 2001 ; G. Brunetti & 
T. W. Jones 2014 ), and ongoing/forthcoming low-frequency arrays, 
together with wide-field, high-fidelity surveys like MeerKAT-SPT, 
will enable observational tests of these theoretical predictions (e.g. 
G. Macario et al. 2010 ; R. Cassano et al. 2012 ; T. Pasini et al. 
2024 ). 
5  C O N C L U S I O N  
In this Letter, we present MeerKAT UHF-band observations of the 
galaxy cluster SPT-CLJ2337 −5942 at z = 0 . 78. The high- TB images 
reveal an USSRH within the cluster, marking the highest redshift 
for an USSRH reported to date. These are important systems that 
enable us to discern between radio halo formation models, and SPT- 
CLJ2337 −5942 has two key traits in this regard: 
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Figure 1. Left: MeerKAT 816 MHz image of SPT-CLJ2337→5942 at R!"#$% →0.5, with a resolution of 8.9 arcsec ↑ 8.9 arcsec and position angle of 0.0 degree.
Contour levels are drawn at [→5, 5, 9, 13, 17] ↑ 1𝐿, where 𝐿 = 9.15 𝑀Jy beam→1. The labels A1 - A11 (including the two BCGs) indicate the compact sources
within the 𝑁500 cluster region (orange circle). Right: Lower resolution (high-𝑂B) MeerKAT 816 MHz image of SPT-CLJ2337→5942 with discrete sources
(denoted by small red circles) subtracted, at R!"#$% 0.0, with a resolution of 12.6 arcsec ↑ 9.9 arcsec and position angle of →2.17 degrees. Contour levels are
drawn at [→5, 5, 9, 13, 17] ↑ 1𝐿, where 𝐿 = 7.50 𝑀Jy beam→1, with negative contours shown as dashed lines. The cluster center is marked by an orange cross.
The synthesized beams for both images are shown in orange in the lower-left corners.

Figure 2. Left: Chandra X-ray image of SPT-CLJ2337→5942 in the 0.5 - 2.0 keV band, smoothed to 12 arcsec. The Gaussian smoothing kernel FWHM is
indicated in the bottom-left corner. The radio halo emission is shown as white (teal) contours in the left (right) panel, with levels at [→5, 5, 9, 13, 17] ↑ 1𝐿, where
𝐿 = 7.50 𝑀Jy beam→1. The emission traces the brightness peak and exhibits a filamentary morphology. Middle: Optical grz image of SPT-CLJ2337→5942 from
the DESI-Legacy-Surveys. The radio halo overlaps with two bright galaxies which are possible BCGs (e.g., Andersson et al. 2011) counterparts embedded in
the halo. Right: Spitzer/IRAC 3.6 𝑀m image (Ashby et al. 2013) with MeerKAT contours, highlighting the overdensity of mid-infrared (MIR)-detected cluster
galaxies. The IRAC panel also shows that several compact radio peaks have IR counterparts, while the di!use radio halo emission extends over the same region
as the cluster galaxy distribution.

sensitivity and image fidelity of the MeerKAT UHF band can reveal
distant USSRHs in relatively short observations (↓1 hr), enabling
large-area surveys conducive to the discovery of rare systems such as
this. At the same time, the discovery within a 100 deg2 area suggests
that USSRHs could be more common than the current total sample
(↓ 10) indicates, though this may depend on observational sensitivity
and selection e!ects (e.g., Cassano et al. 2012; Pasini et al. 2024).

Using the integrated flux density and spectral index of the halo,
we estimate a radio power of approximately 𝐿1.4 = 9.6 ± 0.9 ↑
1023 W Hz→1, scaled from the observed frequency of 816 MHz as-
suming the in-band spectral index. At high redshifts, relativistic elec-
trons experience enhanced energy losses due to inverse Compton (IC)
scattering with the increasingly dense cosmic microwave background
(CMB) photon field. This process shortens their radiative lifetimes
and suppresses the power and detectability of synchrotron-emitting

regions (e.g., Ferrari et al. 2008; Cassano et al. 2010; Lindner et al.
2014; Sweijen et al. 2022).

We compare this radio power to the sample of known USSRHs
(𝑀 ↓ 0.048→0.5), confirmed by multi-band radio detections reported
in the literature. This is a statistically small yet instructive sample,
including Abell 1132 (Wilber et al. 2018), Abell 1550 (Pasini et al.
2022), MACS J1149 (Bruno et al. 2021), A521 (Santra et al. 2024),
RXCJ1514.9→1523 (Giacintucci et al. 2011), Abell 2142 (Bruno
et al. 2023), Abell 697 (Macario et al. 2010), Abell 3404 (Duchesne
et al. 2021), Abell 2256 (Rajpurohit et al. 2023), Abell 1033 (Edler
et al. 2022), and A3562 (Venturi et al. 2022), along with the source
presented in this work. The 𝐿1.4 - 𝑁500 scaling relation (see Figure
4) shows that the USSRH radio power lies within the scatter of both
nearby and distant USSRH populations, occupying a region below
the ordinary halo correlation. By normalizing halo power by cluster
mass, we can test whether our system is unusual compared to known
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ABSTRACT
Radio halos are di!use synchrotron sources that trace the turbulent intracluster medium (ICM) of galaxy clusters. However, their
origin remains unknown. Two main formation models have been proposed: the hadronic model, in which relativistic electrons
are continuously injected by cosmic-ray protons; and the leptonic turbulent re-acceleration model, where cluster mergers re-
energise electrons in situ. A key discriminant between the two models would be the existence of ultra-steep spectrum radio halos
(USSRHs), which can only be produced through turbulent re-acceleration. Here we report the discovery of an USSRH in the
galaxy cluster SPT-CLJ2337↑5942 at redshift 𝐿 = 0.78 in the MeerKAT-South Pole Telescope 100 deg2 UHF (0.58 - 1.09 GHz)
survey. This discovery is noteworthy for two primary reasons: it is the highest redshift USSRH system to date; and the close
correspondence of the radio emission with the thermal ICM as traced by Chandra X-ray observations, further supporting the
leptonic re-acceleration model. The halo is under-luminous for its mass, consistent with a minor merger origin, which produces
steep-spectrum, lower luminosity halos. This result demonstrates the power of wide-field, high-fidelity, low-frequency (⊋ 1 GHz)
surveys like the MeerKAT-SPT 100 deg2 programme to probe the origin and evolution of radio halos over cosmic time, ahead
of the Square Kilometre Array.
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1 INTRODUCTION

Galaxy clusters are the largest gravitationally bound structures in the
universe. Their halo masses are of order 1014↑15 M↓ and are primary
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which is in line with expectations (e.g. M. Pandey-Pommier et al. ; 
K. Rajpurohit et al. 2023 ; R. Santra et al. 2024 ). This low surface 
brightness, combined with their steep spectra, often causes USSRHs 
to be missed in wide-area surveys, as they require highly sensitive, 
high-fidelity images at frequencies v ! 1 GHz. SPT-CLJ2337 −5942 
is the most distant USSRH known to date, at a redshift of z = 0.78. 
This detection therefore demonstrates that the sensitivity and image 
fidelity of the MeerKAT UHF band can reveal distant USSRHs 
in relatively short observations ( ∼1 h), enabling large-area surveys 
conducive to the discovery of rare systems such as this. At the same 
time, the discovery within a 100 deg2 area suggests that USSRHs 
could be more common than the current total sample ( ∼10) indicates, 
though this may depend on observational sensitivity and selection 
effects (e.g. R. Cassano et al. 2012 ; T. Pasini et al. 2024 ). 

Using the integrated flux density and spectral index of the halo, 
we estimate a radio power of approximately P1 . 4 = 9 . 6 ± 0 . 9 ×
1023 W Hz−1 , scaled from the observed frequency of 816 MHz 
assuming the in-band spectral index. At high redshifts, relativistic 
electrons experience enhanced energy losses due to IC scattering 
with the increasingly dense CMB photon field. This process shortens 
their radiative lifetimes and suppresses the power and detectability 
of synchrotron-emitting regions (e.g. C. Ferrari et al. 2008 ; R. 
Cassano et al. 2010 ; R. R. Lindner et al. 2014 ; F. Sweijen et al. 
2022 ). 

We compare this radio power to the sample of known USSRHs 
( z ∼ 0 . 048–0 . 5), confirmed by multiband radio detections reported 
in the literature. This is a statistically small yet instructive sample, 
including Abell 1132 (A. Wilber et al. 2018 ), Abell 1550 (T. Pasini 
et al. 2022 ), MACS J1149 (L. Bruno et al. 2021 ), A521 (R. Santra 
et al. 2024 ), RXCJ1514.9 −1523 (S. Giacintucci et al. 2011 ), Abell 
2142 (L. Bruno et al. 2023 ), Abell 697 (G. Macario et al. 2010 ), 
Abell 3404 (S. W. Duchesne et al. 2021 ), Abell 2256 (K. Rajpurohit 
et al. 2023 ), Abell 1033 (H. W. Edler et al. 2022 ), and A3562 
(T. Venturi et al. 2022 ), along with the source presented in this 
work. The P1 . 4 –M500 scaling relation (see Fig. 4 ) shows that the 
USSRH radio power lies within the scatter of both nearby and distant 
USSRH populations, occupying a region below the ordinary halo 
correlation. By normalizing halo power by cluster mass, we can test 
whether our system is unusual compared to known USSRHs. Fig. 4 
further illustrates that while most USSRHs are found at z ! 0 . 5, our 
detection at z ∼ 0 . 78 extends this population to much higher redshift. 
Its P1 . 4 /M500 ratio is consistent with lower- z USSRHs, indicating that 
the underlying particle acceleration mechanisms remain comparably 
efficient out to cosmological lookback time of ∼7 Gyr. 

Assuming turbulent re-acceleration remains the dominant mech- 
anism (G. Brunetti et al. 2001 ; R. Cassano et al. 2006 ; G. Brunetti 
et al. 2008 ; R. Cassano et al. 2010 ; G. Brunetti & T. W. Jones 
2014 ), such a trend would suggest that stronger magnetic fields and 
enhanced turbulence are required at higher redshifts (G. Di Gennaro 
et al. 2025 ). This is particularly relevant given that IC losses increase 
with redshift (e.g. C. Ferrari et al. 2008 ; R. Cassano et al. 2010 ; 
R. R. Lindner et al. 2014 ), reducing the efficiency of synchrotron 
emission. Thus, sustaining radio halo luminosities comparable to 
low-redshift systems (G. Macario et al. 2010 ; S. Giacintucci et al. 
2011 ; A. Wilber et al. 2018 ; S. W. Duchesne et al. 2021 ; H. W. 
Edler et al. 2022 ; T. Pasini et al. 2022 ; T. Venturi et al. 2022 ; 
L. Bruno et al. 2023 ; K. Rajpurohit et al. 2023 ; R. Santra et al. 
2024 ) would necessitate a greater injection of turbulent energy or 
elevated magnetic field strengths in high- z clusters, as anticipated 
by turbulent re-acceleration models (e.g. G. Di Gennaro et al. 2021 ). 
This is shown in Fig. 4 , where the best-fitting line is based on the 
scaling relation studies of USSRHs conducted by V. Cuciti et al. 

Figure 4. Top: The P1 . 4 GHz –M500 scaling relation of known USSRHs (G. 
Macario et al. 2010 ; S. Giacintucci et al. 2011 ; A. Wilber et al. 2018 ; L. 
Bruno et al. 2021 ; S. W. Duchesne et al. 2021 ; H. W. Edler et al. 2022 ; T. 
Pasini et al. 2022 ; T. Venturi et al. 2022 ; L. Bruno et al. 2023 ; K. Rajpurohit 
et al. 2023 ; R. Santra et al. 2024 ). The USSRH presented in this work is 
marked with a red star. The solid line represents the correlation for normal 
and USSRHs, as reported by V. Cuciti et al. ( 2021b ). Bottom: Radio power 
at 1.4 GHz normalized by cluster mass, P1 . 4 /M500 , for known USSRHs as a 
function of redshift. 
( 2021b ), following the fitting procedure outlined in R. Cassano 
et al. ( 2013 ). The scaling relation further supports the USSRH 
classification, as the halo appears radio underluminous in comparison 
to the correlation reported by V. Cuciti et al. ( 2021b ) between 1.4 GHz 
radio power and the cluster mass.The detection of the USSRH in 
SPT-CLJ2337 −5942 provides compelling evidence in favour of the 
turbulent re-acceleration model over the hadronic scenario (e.g. B. 
Dennison 1980 ; P. Blasi & S. Colafrancesco 1999 ; G. Brunetti 2004 ), 
consistent with predictions that steep-spectrum haloes arise from 
turbulence-driven acceleration in the ICM. In merging clusters, steep- 
spectrum haloes are predicted to result from turbulence-driven accel- 
eration of relativistic electrons (G. Brunetti et al. 2001 ; G. Brunetti & 
T. W. Jones 2014 ), and ongoing/forthcoming low-frequency arrays, 
together with wide-field, high-fidelity surveys like MeerKAT-SPT, 
will enable observational tests of these theoretical predictions (e.g. 
G. Macario et al. 2010 ; R. Cassano et al. 2012 ; T. Pasini et al. 
2024 ). 
5  C O N C L U S I O N  
In this Letter, we present MeerKAT UHF-band observations of the 
galaxy cluster SPT-CLJ2337 −5942 at z = 0 . 78. The high- TB images 
reveal an USSRH within the cluster, marking the highest redshift 
for an USSRH reported to date. These are important systems that 
enable us to discern between radio halo formation models, and SPT- 
CLJ2337 −5942 has two key traits in this regard: 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/545/1/staf2022/8377318 by guest on 28 April 2026

Magolego+2026a



Radio halos in MK-SPT
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Figure 9. The mass-redshift distribution of the SPTpol 500d cluster sample. Plotted for comparison are wide-field SZ cluster samples
from Planck (Planck Collaboration et al. 2016b), ACT (Hilton et al. 2021), and SPT-SZ/SPT-ECS (Bleem et al. 2015, 2020). The SPTpol
sample consists of 544 clusters, with 21% of the sample at z > 1. As discussed in Section 5.2, redshifts for clusters confirmed in Spitzer
and WISE data at z → 1.6 are considered lower limits. These systems are plotted as right-facing triangles in the plot.

between the samples. For our comparisons to the opti-
cally selected systems from DES and WISE data we check
whether the SZ systems were detected and compare es-
timated redshifts. Detailed comparisons that more fully
leverage the constraining power o!ered by the lower-mass
SPTpol systems, such as exploring the ω → M500c rela-
tion and contamination of the optical samples (see, e.g.,
Bleem et al. 2020; Grandis et al. 2021), are reserved for
future work.

8.1.1. SPT-SZ

There are 118 SPT-SZ cluster candidates detected at
ε > 4.5 that fall within the SPTpol 500d footprint and
113 of these candidates in unmasked regions (with mask-
ing owing to nearby bright point sources as discussed
in Section 2.1).2 Using an association radius of 3→ to
identify matching detections, we find that 97 of these
candidates have matches in the SPTpol catalog, with
median ratio of the significance of cluster detection be-
tween SPTpol/SPT-SZ being 1.7, and a median spatial
separation of 0.

→26. As discussed in Klein et al. (2023),
for 5 of these matched systems, the improved DES and
WISE follow-up data allow us to confirm them and pro-
vide redshifts. Of the 16 unmatched SPT-SZ candidates
ranging in 4.5 < ε < 5.2 (median ε = 4.7), only one—
SPT-CL J2232-6151, ε = 5.04, z = 0.79—was reported
confirmed by follow-up optical and infrared observations
in Bleem et al. (2015). This is consistent with the es-

undertaken in (Bleem et al. 2020) for the SPT-SZ and SPT-ECS
samples.

2 We note the point source mask between SPT-SZ and SPTpol
di!ers slightly owing to survey noise and source variability as each
was constructed using sources brighter than ↑6 mJy as measured
in the maps used for cluster identification.

timate for the purity of the optically confirmed sample,
using the framework developed in this paper. There are
597 cluster candidates at ε > 4 in SPTpol that are not
found in SPT-SZ, with 448 (385) of these having optical
contamination values less than 0.2 (0.05). Of these sys-
tems, 123 are at ε > 5.5 where the raw SPTpol candidate
list is > 99% pure (Section 6.4).

Comparing the estimated masses we find the median
ratio of the masses of common systems in SPTpol/SPT-
SZ to be 1.025+0.01

↑0.04. A plot showing the masses of the
common systems within ϑz = 0.1 (this cut removes 5
systems at z > 0.85) is shown in Figure 12. We apply the
redshift cut here and in the other SZ sample comparisons
in this section to avoid highlighting di!erences in mass
that would purely arise from the masses being estimated
at significantly di!erent redshifts.

8.1.2. SPTpol 100d

Next, we compare the SPTpol 500d sample to the sam-
ple produced from the SPTpol 100d survey (Huang et al.
2020). This sample consists of 89 clusters detected at
ε > 4.6. Of these 89 systems, 86 are in the non-point
source masked region and 73 are in the SPTpol 500d
sample. The matched candidates have a median spatial
separation of 0.

→22. Using our updated scaling-relation
parameters discussed in Section 6, we find the median
ratio of the masses of clusters in SPTpol 500d/SPTpol
100d to be 1.02 ± 0.02 for systems within ϑz = 0.1. This
comparison was conducted using 66 systems, which ex-
cludes from the 73 matches above 1 unconfirmed can-
didate, 2 newly confirmed systems in this work, and 4
systems with updated Spitzer redshifts that shifted them
outside this range. We plot the SPTpol 500d and 100d
masses against each other in the middle panel of Figure

Bleem+2024

SZ-selected clusters
Radio halo power-mass relation



Discovery of a radio relic in a low-mass, merging cluster

816 MHz 

Magolego et al. (2026b), MNRAS Letters

XMM X-ray image 
(0.5 - 2.0 keV band)

Relic’s orientation supported by the X-ray image: 
● Perpendicular to the major axis of the X-ray emission from the ICM 
● Only relic found within the 100 deg2 survey   
● One of the lowest halo masses known to host a radio relic
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Figure 3. The P 150 MHz – M 500 scaling relation of radio relics, colour- 
coded by redshift. The solid line represents the best-!tting relation, based 
on the correlation reported by A. Jones et al. ( 2023 ). The darker shaded 
region indicates the ±1 σ intrinsic scatter (0.55 dex), while the lighter 
shaded r egion r epr esents the corr esponding ±2 σ intrinsic scatt er env e- 
lope. The radio relic in Abell 4067 is marked with a star and lies ∼ 2 . 8 σ
above the best-!tting relation. Low-mass single relic systems are high- 
lighted with blue diamonds. 
Sky Survey, Data Release 2, Planck SZ2 (LoTSS-DR2-PSZ2) study, 
which !nds that only ∼10 per cent of Planck-selected clusters 
( ∼194) host radio relics at 144 MHz, but also suggests that many 
low-power relics remain undet ect ed due to sensitivity limits (A. 
Jones et al. 2023 ). 
4.2 Spectr al consider ations and r adio power estimation 
Due to residual calibration errors, we are unable to robustly esti- 
mat e the int egrat ed spectr al index of the r adio relic. We addition- 
ally att empt ed t o construct a spectral index map using publicly 
av ailable Austr alian Squar e Kilometr e Arra y Path!nder E volu- 
tionary Map of the Universe (ASKAP EMU) data (R. P. Norris et 
al. 2011 ; A. W. Hotan et al. 2021 ), but the image is dominated by 
art efacts t o the ext ent that the relic is not det ectable, prev enting 
a meaningful comparison. Ther efor e, we assume a typical radio 
r elic spectral inde x of α = 1 . 0 (e.g . R. Kale et al. 2017 ; A. Botteon 
et al. 2022 ). B y e xtrapolating the "ux density from 816 to 150 
MHz, w e estimat e a radio power of 3 . 10 ± 0 . 03 × 10 24 W Hz −1 
at 150 MHz. 
4.3 Comparison with known radio relics 
We compare the estimated radio power of the Abell 4067 relic 
to a sample of known radio relics ( z ∼ 0 . 07 –0.87; F. Gasperin 
et al. 2014 ; N. T. Locatelli et al. 2020 ; A. Botteon et al. 2022 ; S. 
Chatterjee et al. 2022 ; A. Jones et al. 2023 ), including single relics 
hosted by low-mass clusters at z ∼ 0 . 1 (R. Kale et al. 2017 ; S. Paul 
et al. 2020 , 2021 ). Abell 4067 is among the low est-mass syst ems 
known to host a radio relic. The best-!tting line and uncertainty 
indicated by shading shown in Fig. 3 is taken from the relic scal- 
ing analysis of A. Jones et al. ( 2023 ). The sample analysed by A. 
Jones et al. ( 2023 ) is drawn from Planck SZ-select ed clust ers and 
is ther efor e dominat ed by high-mass syst ems. Of the 35 clust ers 
in their study, 23 lie at z ≥ 0 . 2 and typically have M 500 ∼ 5 −8 ×
10 14 M %. The lower-mass regime is represented primarily by the 
12 clusters at z < 0 . 2 , which span M 500 ∼ 1 . 8 −4 . 3 × 10 14 M %, 

with a characteristic mass of ∼ 3 × 10 14 M %. Thus, while A. Jones 
et al. ( 2023 ) pr ovide r obust constraints on relic occurrence in mas- 
siv e clust ers, the statistics for low er-mass syst ems remain limit ed 
and largely con!ned to the nearby Universe. 

The only lower-mass system in that work is PSZ2 
G089.52 + 62.34 (A1904; R. J. Weeren et al. 2021 ; S. Paul et al. 
2021 ; A. Botteon et al. 2022 ), which hosts two relics on the 
same side of the cluster and does not show a central radio 
halo. A ccor ding to simulations by S. E. Nuza et al. ( 2012 ), the 
probability of detecting a radio relic in a cluster with mass 
∼ 3 . 3 × 10 14 M % at z ∼ 0 . 2 is only a few per cent with current 
radio facilities (F. Gasperin et al. 2014 ). In this context, the 
detection of a relic in Abell 4067, with M 500 = 2 . 0 × 10 14 M %, 
further extends the known relic population towards the low-mass 
regime. 

Fig. 3 also shows that Abell 4067 lies ∼ 2 . 8 σ above the BCES Y | X 
scaling relation, formally placing it beyond the 95 per cent intrin- 
sic scatter region. This indicates that the relic has comparatively 
high radio power for its mass, although it remains consistent with 
the broad intrinsic dispersion observed in relic scaling relations. 
Its position highlights that low-mass clusters can occasionally 
host relatively luminous relics, but its absolute radio power is still 
lower than that of relics in more massive systems. 

Taken together, the position of Abell 4067 in the low-mass 
regime and the signi!cantly lower radio power of relics hosted 
by low-mass clusters support a scenario in which merger shocks 
in less massiv e clust ers are, on av erage, w eaker and less e#cient 
in accelerating relativistic particles (e.g. G. Schellenberger et al. 
2022 ). The colour-coded redshift distribution in Fig. 3 further 
suggests that higher-r edshift r elics tend to be more luminous, 
which may partly re"ect selection e$ects favouring the detection 
of intrinsically bright relics at larger distances, and/or evolution- 
ary trends in merger-driven radio emission. 

The discovery of a radio relic in such a low-mass system there- 
for e pr ovides an important observ ational constr aint on relic for- 
mation models. Future deep MeerKAT observations and spatially 
resolved spectral studies, in concert with other major radio facil- 
ities, will be essential for constraining the shock properties and 
particle-acceleration e#ciency in low-mass mergers and for es- 
tablishing the statistical behaviour of r elics acr oss a wider cluster 
mass range. 
4.4 The lack of a radio halo 
Despite clear merger indicators and shock evidence (also implied 
by the radio relic morphology), no di$use central radio halo 
brighter than 1 mJy is observed, based on the injection-recovery 
technique. This absence is notable in light of the established 
correlation between cluster mergers and halo occurrence (e.g. G. 
Brunetti & T. W. Jones 2014 ; V. Cuciti et al. 2015 ). Several factors 
likely contribute: 

(i) Low cluster mass: With M 500 = 2 . 0 × 10 14 M %, this cluster 
lies below the empirical threshold M 500 ∼ 6 × 10 14 M % above 
which radio haloes are more frequently det ect ed (V. Cuciti et 
al. 2015 ). This supports the idea that lower-mass systems may 
lack the turbulent energy r equir ed to r e-accelerate r elativistic 
electr ons acr oss cluster cor es (R. Cassano et al. 2013 ; V. Cuciti 
et al. 2021b ; R. Cassano et al. 2023 ). 

(ii) Merg er stag e: The absence of a halo might re"ect a late- 
stag e merg er. If turbulence has already dissipat ed, it w ould no 
longer power a central halo (e.g. G. Brunetti et al. 2009 ; A. 
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Relic’s orientation supported by the X-ray image: 
● Perpendicular to the major axis of the X-ray emission from the ICM 
● Only relic found within the 100 deg2 survey   
● One of the lowest halo masses known to host a radio relic
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A uniformly selected X-shaped radio galaxy (XRG) sample

Rasakanya+(in press)Cotton+2020

Uniform sensitivity and selection 
Sample appears systematically lower power 

DES imaging enriches host analysis

11 new XRGs!



A selection of unlabelled sources as 
reconstructed by a type C VQ-VAE

Using VQ-VAEs search through MGCLS

Ventura+2026



Spectral searches in the MK+SPT Survey

• Similar depth to MALS (MeerKAT LSP)

• HI absorption/stacking between 0.4 < z < 1.45 

• OH absorption between 0.67 < z < 1.87

• Lensed OH megamaser emission

• Validation with MALS overlapping targets

• Expect of order 40-80 new associated HI absorbers

MALS/Combes+2021

32,000 spectral channels        
to search for HI/OH absorption



Lensed Gigamaser at z = 1
Hydroxyl megamasers are signposts for galaxy major mergers and potentially dual AGN systems

Limited to z < 0.25 for ~20 years until MeerKAT

LADUMA, MIGHTEE, and this lensed system have doubled, tripled, quadrapuled redshift record

HI absorption discovered in the same datasets for some, molecular outflows suggested 

Manamela+2026

Calanog+2014

The Astrophysical Journal, 797:138 (26pp), 2014 December 20 Calanog et al.
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Figure 4. Near-IR lens modeling results of selected Grade A sources, oriented with north up and east to the left for all images. From left to right: postage stamp
of observed image; foreground lens subtracted image; best-fit lens model; and the residual image. Green apertures enclose the final fitting region used. The orange
and pink outlines trace the critical and caustic curves, respectively. Blue ellipses are the source plane models, displayed with the best-fit half-light semi-major
axis, ellipticity, and position angle. Redshifts labeled with square brackets are photometric redshifts estimated from far-IR to submillimeter photometry and those
without are spectroscopic. The third panel also lists the number of background components used in the best fit, denoted as Ncomp and the reduced χ2, defined as
χ2

ν = χ2/NDOF. The residual image is shown at a narrower grayscale, which is 0.2 times the minimum and maximum pixel value of the original image in order to
highlight under/over-subtracted regions.
(A color version of this figure is available in the online journal.)

near-IR lensing configuration. The lens models for this near-IR/
submillimeter subsample are discussed on an object-by-object
basis and shown in Appendix A, Figure 10.

NB.v1.78 (Grade A1). The Ks-band image shows a classic
configuration observed when the background source lies on top
of the caustic fold, the same configuration shown by the lensing
system SDSS J0737+3216 (Marshall et al. 2007). The H-band
image (Figure 13) shows a consistent configuration, but the

lensing morphology is fainter. The multiple, well-separated arcs,
in addition to the incomplete Einstein ring strongly constrain the
lens model. The best-fit lens model requires two background
Sérsic profiles to account for a compact, brighter and extended,
fainter, component. The best-fit model shows a compact source
located off-center within an extended component, indicating
an asymmetric morphology. Using a single component model
yields a significantly worse fit (χ2

ν = 1.50) and fails to reproduce

12

SNR > 150 in 5 hours
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Transients 



Making movies 

• 8 second snapshot imaging

• ~450 individual images per pointing

•  each image has ~1.5x FIRST sensitivity

78 ptgs x 102402 pixel images x 450 timeslots  
 ≈1013 pixels

Simon Lowry MSc
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MK-SPT-discovered Long Period radio Transient:

DDT follow-up confirms discovery

P ~ 6.5 hours 
MeerKAT-SPT-discovered transient 
P ~ 8.5 min  

Bright+(in prep.) Lee+2025, Nature Ast.



MK-SPT-discovered Long Period radio Transient:

DDT follow-up confirms discovery

MK-UHF bandP ~ 6.5 hours 
MeerKAT-SPT-discovered transient 
P ~ 8.5 min  

Bright+(in prep.) Lee+2025, Nature Ast.



High-z galaxy selection
radio as a veto with SPT emission detections

Figure 3: Image cutouts of a few of our 11 highest redshift candidates from DES, WISE, Her-
schel/SPIRE, and MeerKAT, overlaid with 1.4 mm SPT-3G contours (red) and the 3ω positional
uncertainty (white). No source shows SPIRE emission within the SPT-3G localization. SED fitting
of these candidates (far right column) using the SPT photometry (black) and forced photometry
from SPIRE (gray) gives redshift estimates zphot > 5, indicating these could be among the highest
redshift DSFGs ever discovered.

Figure 4: Illustration of our 5-tuning ALMA
Band 3 spectral scan strategy. We expect un-
ambiguous multiple-line detections for almost
all redshifts z > 3 (dark teal); any single-line
detections (light teal) would most likely be at
lower redshift and of less interest. Our pro-
posed depth is su!cient to detect even high-J
CO lines.
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Figure 1: Left: The original SPT-SZ 1.4mm DSFG sample yielded a much higher typical redshift
than similar samples selected at shorter wavelengths [6]. Right: Our goal is now to extend this
selection with the deeper SPT-3G survey to push to even higher redshifts. We select sources that
are robustly detected in SPT-3G (>5ω at 1.4 and 2mm) but drop out of deep MeerKAT radio and
Herschel/SPIRE 250/350/500µm images, illustrated by the red shaded region.

but also those of Herschel/SPIRE- and JCMT/SCUBA-selected samples at 500 and 850µm (Fig. 2).
These same models predict that the SPT-3G maps should find orders-of-magnitude more DSFGs at
z > 6 than the previous survey. Fundamentally, this is because reionization-era DSFGs are fainter, so
the gain in depth of SPT-3G translates to a 100→ increase in the number of z > 6 sources expected.
Spectroscopic confirmation for all or even a random subset of sources would be far too costly – to
find the highest-redshift DSFGs, we must develop clever selection techniques.
We propose ALMA 3mm spectral scans to spectroscopically confirm the redshifts for

11 SPT-3G sources selected using a novel technique biased toward the highest-redshift
DSFGs. Our targets are selected from a 100deg2 deep field subset of the full SPT-3G 1500deg2 survey
area. This field has excellent multiwavelength coverage, including confusion-limited Herschel/SPIRE
250/350/500µm imaging and deep MeerKAT 816MHz radio imaging with <10” resolution. This
excellent ancillary data makes the 100deg2 deep field the best place to test our ability to find the
highest-redshift DSFGs.
The key idea of our highest-z selection is illustrated in Figure 1, and example sources shown in

Figure 3. Our 11 targets are detected at S/N > 5 in both the SPT-3G 1.4 and 2mm maps, with
a high 1.4mm/2mm flux ratio expected of dust emission, and we removed all sources matched to
low-redshift catalogs from IRAS and WISE. To weed out z < 4 galaxies, we select sources that are
not detected (<5ω) in the SPIRE bands or MeerKAT radio. At the highest redshifts, the rest-frame
↑100µm peak of the dust SED has redshifted beyond SPIRE 500µm, and no radio emission is
expected given any plausible far-IR/radio correlation.
We use the SPT-3G positions to measure forced photometry in the SPIRE bands, and estimate

photometric redshifts for fiducial dust temperatures Tdust =30, 40, and 50K. Even in the event of
cold dust Tdust = 30K, we expect the minimum redshifts of these sources to be z > 4.5, compared
to the median z ↑ 4 from the original SPT sample that already preferentially selected very high-z
DSFGs [6]. Some sources have zphot ↑ 8 ± 1; if even a single source is confirmed at z > 7 it would
represent the highest-redshift IR-selected galaxy ever discovered.

Objectives and Legacy Value Implications:
We request 16.7 hours to scan the 3mm window to determine the redshifts of the 11 most promising
high-redshift candidates selected by the SPT-3G pilot survey. All 11 candidates have zphot > 5 and
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Understanding the 
cosmological radio background
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Figure 1. Illustration for the total SZ scattering e↵ect. For this we chose an extremely large y-parameter of y = 0.15, applying
the single-scattering expression. Typical SZ clusters have y ' 10�4 implying that the signal is significantly smaller. The solid
black line shows the unscattered CMB + cosmic radio background, while the dashed blue line includes the e↵ect of Compton
scattering inside the galaxy cluster. The well-known tSZ null is visible at high frequencies, while the novel radio SZ null can
be appreciated at low frequencies. With respect to the unscattered background, clusters appear as sources at ⌫ . 735MHz and
⌫ & 217GHz, while they are ’shadows’ in between.

�CMB ' 1); we then have �I/I|tSZ ⇡ �T/TCMB|tSZ ⇡ �2y at z = 0, independently of the cluster’s redshift. For the
radio background, we need to more generally write

�T

TR

����
z=0

⇡ y f(zc) �(� � 3) (7)

to account for the possible redshift dependence of the mean cosmic radio background. In total we then have the change
of the brightness temperature with respect to the unscattered background brightness temperature TR + TCMB as

�T (z = 0) ⇡ y [TR,0(⌫) f(zc) �(� � 3)� 2TCMB] . (8)

The fractional increment for the radio SZ signal is comparable to the fractional decrement for the CMB SZ signal,
but the radio intensity is much larger at lower frequencies, while the CMB is much brighter at higher frequencies.
Inevitably, there will be a null, where there is no net SZ e↵ect; the frequency at which this null occurs depends on the
amplitude and spectral index of the radio background at the location of the cluster. From Eq. (8), one finds that

⌫R,c ⇡ ⌫0


TR,0(⌫0) f(zc) �(� � 3)

2TCMB

�1/(��1)

(9)

marks the position of the radio SZ null, which is independent of y, just like for the standard thermal SZ e↵ect. With
TR,0(⌫0) = 24.1K and � = 3.59, one then finds ⌫R,c ' 735MHz [f(zc)]0.39. At ⌫ � ⌫R,c, the standard SZ e↵ect arises,
with the well-known SZ null around ⌫c ⇡ 217GHz. On the other hand at ⌫ . ⌫R,c, the scattering e↵ects related to
the radio background are more important and the signal increases steeply towards lower frequencies (Fig. 1 and 2).
In the derivation above, the radio background is assumed to be isotropic. For a purely cosmological origin of the

radio background, this would be highly justified, but modifications to the expressions given above would arise if
not. We furthermore assumed that the up-scattering of radio photons is caused by non-relativistic thermal electrons.
Relativistic temperature corrections, just like for the standard SZ e↵ect (Sazonov & Sunyaev 1998; Itoh et al. 1998;
Chluba et al. 2012), are expected to become important for typical cluster temperatures (kT ' 5 KeV), increasing the
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Figure 1. Contributions of the non-relativistic CMB SZ signal, radio SZ 
signal, and combination of the two at low frequencies, alongside their 
relativistic corrections at T e = 10 keV. In the top panel, we see the change 
in intensity relative to the background signals, the bottom panel shows the 
ef fecti ve change in temperature measured at each frequency. We have set y = 
10 −4 and used n R with f ( z) = 1. Note this is a logarithmic plot in frequency. 
signal that is al w ays proportional to the radio background itself. i.e. 
!n R = τn R ( ν, z, α) F R ( θe , βc , µc , α) 

= τA R f ( z) F R ( θe , βc , µc , α) g ( ν, α) , (22) 
where F R now contains all of the kinematic and relativistic terms and 
can, in general, be thought of as a scattering amplitude. Here, we 
have also defined g ( ν, α) = ( x /x 0 ) −α x −1 

0 . 
We note that the radio background is al w ays positive and thus 

does not form an inherent null from scattering. In contrast, the 
normal CMB SZ signal has an inherent null at around 217 GHz, the 
cross-o v er frequenc y from photons being scattered out from lower 
frequencies into higher frequencies. Ho we ver, the combination of 
scattering of the radio background and CMB leads to a new null at 
around 735.5 MHz, as discussed in Holder & Chluba ( 2021 ). That 
is, we can write 
!n R + !n CMB ≈ τ

[ 
A R f ( z) F R ( θe , βc , µc , α) g ( ν, α) 

+ F CMB ( θe , βc , µc ) n CMB ( ν) ] , (23) 
where we note that F CMB ( θ e , βc , µc ) ≈ F R ( θ e , βc , µc , 1), and we 
note that F CMB is ne gativ e in this regime. This can all be seen easily 
in Fig. 1 , where the scattering from each the radio background and 
the CMB are shown individually alongside the combined signal. 

We can now quantify any changes to the observed signal in a 
heuristic manner. The kinematic and relativistic effects cause changes 
to F R and F CMB , which to first order enhance the observed change to 
the signal. e.g. in Fig. 1 we show the relativistic corrections to each 
signal for a cluster temperature of 10 keV. We see that the relativistic 
effect on both the CMB and radio scattering increase the signal. We 
can understand this physically as the relativistic corrections implying 
there is more up-scattering for the radio SZ signal, while for the CMB 
distortion this results in fewer photons being up-scattered out of this 
region. We will quantify the relativistic corrections more precisely 
below, but at low frequencies, the effects are typically a few per cent. 
These are comparable, if a little smaller, to the standard SZ effect. 

The kinematic corrections combine in a similar way – a cluster 
heading towards the observer (i.e. µc > 0) leads to more up- 
scattering, shifting the null to higher frequencies, while a cluster 
heading away shows the opposite effect. Changes to the amplitude of 
the radio background – either due to the uncertainty in measurements 
of A R , from f ( z) or from some inherent angular dependence to the 
signal, i.e. some f ( ̂  γ̂ γ̂ γ , z), also leads to a re-weighting of the radio 
component relative to the CMB component. 

Here, we can immediately observe a degeneracy within the signal. 
F or a giv en α, measurements of the total radio SZ signal can only 
e ver gi ve the relati ve amplitudes of the CMB and radio components 
– i.e. from the shape of the combined signal. Ho we ver, the more 
details of the clusters or the radio background are known, the more 
information can be obtained from the signal. For instance, if τ (or 
y ) is known, the amplitude of the signal itself becomes a second 
independent measurement from the radio SZ signal. It should also 
be noted that variations in α, either within the measurement of the 
radio background itself, or due to anisotropies, would in principle be 
distinguishable from the other variations within the signal. Further- 
more, since F R and F CMB are not independent quantities and together 
give a complex dependence on T e , βc , and µc , more information may 
be gained from them than initially supposed. Ho we ver, this requires 
detailed forecasts and high precision measurements. 
3.2 Relativistic and kinematic corrections 
In Fig. 2 , we sho w the non-relati vistic combined signal (as described 
in Holder & Chluba 2021 ) alongside the signal including relativistic 
and kinematic corrections. Here, we have shown an energetic cluster 
in terms of the kinematic corrections (with βc = 0.005 and µc = 
±1.0). The relativistic corrections come from a cluster temperature, 
T e = 10 keV, a temperature typical of the most massive clusters in the 
Universe (Arnaud, Pointecouteau & Pratt 2005 ; Lee et al. 2020 ). We 
have calculated all of these distortions with SZpack . 3 We assume 
here that the radio background is comoving with the CMB – or 
alternatively that it is isotropic in the CMB rest frame. That is, that it 
is meaningful to use the same value of βc for both the CMB induced 
signal and the radio SZ signal. 

The first aspect to note is that while these corrections roughly 
maintain the shape of the distortion in these regions they lead to 
shifts in frequency. A second point is that the shapes are none the less 
distorted, as can be seen in the third panel of Fig. 2 . The kinematic 
effects are generally larger than the relativistic effects, as in the 
normal SZ effect. In comparison to the standard kSZ effect, the 
kinematic radio SZ effect is # 3.6 times larger due to the steepness 
of the radio background. 
3 The modifications for the specific code here are available on request. 
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Figure 1. Contributions of the non-relativistic CMB SZ signal, radio SZ 
signal, and combination of the two at low frequencies, alongside their 
relativistic corrections at T e = 10 keV. In the top panel, we see the change 
in intensity relative to the background signals, the bottom panel shows the 
ef fecti ve change in temperature measured at each frequency. We have set y = 
10 −4 and used n R with f ( z) = 1. Note this is a logarithmic plot in frequency. 
signal that is al w ays proportional to the radio background itself. i.e. 
!n R = τn R ( ν, z, α) F R ( θe , βc , µc , α) 

= τA R f ( z) F R ( θe , βc , µc , α) g ( ν, α) , (22) 
where F R now contains all of the kinematic and relativistic terms and 
can, in general, be thought of as a scattering amplitude. Here, we 
have also defined g ( ν, α) = ( x /x 0 ) −α x −1 

0 . 
We note that the radio background is al w ays positive and thus 

does not form an inherent null from scattering. In contrast, the 
normal CMB SZ signal has an inherent null at around 217 GHz, the 
cross-o v er frequenc y from photons being scattered out from lower 
frequencies into higher frequencies. Ho we ver, the combination of 
scattering of the radio background and CMB leads to a new null at 
around 735.5 MHz, as discussed in Holder & Chluba ( 2021 ). That 
is, we can write 
!n R + !n CMB ≈ τ

[ 
A R f ( z) F R ( θe , βc , µc , α) g ( ν, α) 

+ F CMB ( θe , βc , µc ) n CMB ( ν) ] , (23) 
where we note that F CMB ( θ e , βc , µc ) ≈ F R ( θ e , βc , µc , 1), and we 
note that F CMB is ne gativ e in this regime. This can all be seen easily 
in Fig. 1 , where the scattering from each the radio background and 
the CMB are shown individually alongside the combined signal. 

We can now quantify any changes to the observed signal in a 
heuristic manner. The kinematic and relativistic effects cause changes 
to F R and F CMB , which to first order enhance the observed change to 
the signal. e.g. in Fig. 1 we show the relativistic corrections to each 
signal for a cluster temperature of 10 keV. We see that the relativistic 
effect on both the CMB and radio scattering increase the signal. We 
can understand this physically as the relativistic corrections implying 
there is more up-scattering for the radio SZ signal, while for the CMB 
distortion this results in fewer photons being up-scattered out of this 
region. We will quantify the relativistic corrections more precisely 
below, but at low frequencies, the effects are typically a few per cent. 
These are comparable, if a little smaller, to the standard SZ effect. 

The kinematic corrections combine in a similar way – a cluster 
heading towards the observer (i.e. µc > 0) leads to more up- 
scattering, shifting the null to higher frequencies, while a cluster 
heading away shows the opposite effect. Changes to the amplitude of 
the radio background – either due to the uncertainty in measurements 
of A R , from f ( z) or from some inherent angular dependence to the 
signal, i.e. some f ( ̂  γ̂ γ̂ γ , z), also leads to a re-weighting of the radio 
component relative to the CMB component. 

Here, we can immediately observe a degeneracy within the signal. 
F or a giv en α, measurements of the total radio SZ signal can only 
e ver gi ve the relati ve amplitudes of the CMB and radio components 
– i.e. from the shape of the combined signal. Ho we ver, the more 
details of the clusters or the radio background are known, the more 
information can be obtained from the signal. For instance, if τ (or 
y ) is known, the amplitude of the signal itself becomes a second 
independent measurement from the radio SZ signal. It should also 
be noted that variations in α, either within the measurement of the 
radio background itself, or due to anisotropies, would in principle be 
distinguishable from the other variations within the signal. Further- 
more, since F R and F CMB are not independent quantities and together 
give a complex dependence on T e , βc , and µc , more information may 
be gained from them than initially supposed. Ho we ver, this requires 
detailed forecasts and high precision measurements. 
3.2 Relativistic and kinematic corrections 
In Fig. 2 , we sho w the non-relati vistic combined signal (as described 
in Holder & Chluba 2021 ) alongside the signal including relativistic 
and kinematic corrections. Here, we have shown an energetic cluster 
in terms of the kinematic corrections (with βc = 0.005 and µc = 
±1.0). The relativistic corrections come from a cluster temperature, 
T e = 10 keV, a temperature typical of the most massive clusters in the 
Universe (Arnaud, Pointecouteau & Pratt 2005 ; Lee et al. 2020 ). We 
have calculated all of these distortions with SZpack . 3 We assume 
here that the radio background is comoving with the CMB – or 
alternatively that it is isotropic in the CMB rest frame. That is, that it 
is meaningful to use the same value of βc for both the CMB induced 
signal and the radio SZ signal. 

The first aspect to note is that while these corrections roughly 
maintain the shape of the distortion in these regions they lead to 
shifts in frequency. A second point is that the shapes are none the less 
distorted, as can be seen in the third panel of Fig. 2 . The kinematic 
effects are generally larger than the relativistic effects, as in the 
normal SZ effect. In comparison to the standard kSZ effect, the 
kinematic radio SZ effect is # 3.6 times larger due to the steepness 
of the radio background. 
3 The modifications for the specific code here are available on request. 
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Figure 1. Contributions of the non-relativistic CMB SZ signal, radio SZ 
signal, and combination of the two at low frequencies, alongside their 
relativistic corrections at T e = 10 keV. In the top panel, we see the change 
in intensity relative to the background signals, the bottom panel shows the 
ef fecti ve change in temperature measured at each frequency. We have set y = 
10 −4 and used n R with f ( z) = 1. Note this is a logarithmic plot in frequency. 
signal that is al w ays proportional to the radio background itself. i.e. 
!n R = τn R ( ν, z, α) F R ( θe , βc , µc , α) 

= τA R f ( z) F R ( θe , βc , µc , α) g ( ν, α) , (22) 
where F R now contains all of the kinematic and relativistic terms and 
can, in general, be thought of as a scattering amplitude. Here, we 
have also defined g ( ν, α) = ( x /x 0 ) −α x −1 

0 . 
We note that the radio background is al w ays positive and thus 

does not form an inherent null from scattering. In contrast, the 
normal CMB SZ signal has an inherent null at around 217 GHz, the 
cross-o v er frequenc y from photons being scattered out from lower 
frequencies into higher frequencies. Ho we ver, the combination of 
scattering of the radio background and CMB leads to a new null at 
around 735.5 MHz, as discussed in Holder & Chluba ( 2021 ). That 
is, we can write 
!n R + !n CMB ≈ τ

[ 
A R f ( z) F R ( θe , βc , µc , α) g ( ν, α) 

+ F CMB ( θe , βc , µc ) n CMB ( ν) ] , (23) 
where we note that F CMB ( θ e , βc , µc ) ≈ F R ( θ e , βc , µc , 1), and we 
note that F CMB is ne gativ e in this regime. This can all be seen easily 
in Fig. 1 , where the scattering from each the radio background and 
the CMB are shown individually alongside the combined signal. 

We can now quantify any changes to the observed signal in a 
heuristic manner. The kinematic and relativistic effects cause changes 
to F R and F CMB , which to first order enhance the observed change to 
the signal. e.g. in Fig. 1 we show the relativistic corrections to each 
signal for a cluster temperature of 10 keV. We see that the relativistic 
effect on both the CMB and radio scattering increase the signal. We 
can understand this physically as the relativistic corrections implying 
there is more up-scattering for the radio SZ signal, while for the CMB 
distortion this results in fewer photons being up-scattered out of this 
region. We will quantify the relativistic corrections more precisely 
below, but at low frequencies, the effects are typically a few per cent. 
These are comparable, if a little smaller, to the standard SZ effect. 

The kinematic corrections combine in a similar way – a cluster 
heading towards the observer (i.e. µc > 0) leads to more up- 
scattering, shifting the null to higher frequencies, while a cluster 
heading away shows the opposite effect. Changes to the amplitude of 
the radio background – either due to the uncertainty in measurements 
of A R , from f ( z) or from some inherent angular dependence to the 
signal, i.e. some f ( ̂  γ̂ γ̂ γ , z), also leads to a re-weighting of the radio 
component relative to the CMB component. 

Here, we can immediately observe a degeneracy within the signal. 
F or a giv en α, measurements of the total radio SZ signal can only 
e ver gi ve the relati ve amplitudes of the CMB and radio components 
– i.e. from the shape of the combined signal. Ho we ver, the more 
details of the clusters or the radio background are known, the more 
information can be obtained from the signal. For instance, if τ (or 
y ) is known, the amplitude of the signal itself becomes a second 
independent measurement from the radio SZ signal. It should also 
be noted that variations in α, either within the measurement of the 
radio background itself, or due to anisotropies, would in principle be 
distinguishable from the other variations within the signal. Further- 
more, since F R and F CMB are not independent quantities and together 
give a complex dependence on T e , βc , and µc , more information may 
be gained from them than initially supposed. Ho we ver, this requires 
detailed forecasts and high precision measurements. 
3.2 Relativistic and kinematic corrections 
In Fig. 2 , we sho w the non-relati vistic combined signal (as described 
in Holder & Chluba 2021 ) alongside the signal including relativistic 
and kinematic corrections. Here, we have shown an energetic cluster 
in terms of the kinematic corrections (with βc = 0.005 and µc = 
±1.0). The relativistic corrections come from a cluster temperature, 
T e = 10 keV, a temperature typical of the most massive clusters in the 
Universe (Arnaud, Pointecouteau & Pratt 2005 ; Lee et al. 2020 ). We 
have calculated all of these distortions with SZpack . 3 We assume 
here that the radio background is comoving with the CMB – or 
alternatively that it is isotropic in the CMB rest frame. That is, that it 
is meaningful to use the same value of βc for both the CMB induced 
signal and the radio SZ signal. 

The first aspect to note is that while these corrections roughly 
maintain the shape of the distortion in these regions they lead to 
shifts in frequency. A second point is that the shapes are none the less 
distorted, as can be seen in the third panel of Fig. 2 . The kinematic 
effects are generally larger than the relativistic effects, as in the 
normal SZ effect. In comparison to the standard kSZ effect, the 
kinematic radio SZ effect is # 3.6 times larger due to the steepness 
of the radio background. 
3 The modifications for the specific code here are available on request. 
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These results, although consistent between ARCADE2
in the low GHz range and lower frequency absolutely
calibrated zero-level radio surveys in the MHz range, are
not without controversy. ARCADE2 was designed as an
absolute measurement but had limited sky coverage, while the
lower frequency radio surveys were not designed with such
an absolute zero-level calibration as a primary goal, and
did not tend to stress the intricacies of their zero-level
calibration when reporting results. Still, the agreement
between ARCADE 2 and absolutely calibrated zero-level
MHz radio surveys necessitates investigation, because such a
result, if true, would potentially imply very interesting
consequences for our understanding of Galactic and/or
extragalactic radio emission.

The radio synchrotron monopole level as reported by
ARCADE2 and lower frequency surveys is spatially uniform
enough to be considered a “background,” thus it would join the
astrophysical backgrounds known in all other regions of
the electromagnetic spectrum. As there are many reasons to
believe the diffuse radio monopole is extragalactic and in fact
cosmological, many have taken to referring to it as the “cosmic
radio background.” As we strive for neutrality on this question
this work will refer to it as the radio synchrotron background.
The reported radio synchrotron monopole spectrum as a
function of frequency in radiometric temperature units is
shown in Figure 1, while a comparison with the photon
backgrounds in other wavebands is shown in spectral energy
surface brightness units in Figure 2.

If it is indeed at the level determined from ARCADE2 and
lower frequency absolutely calibrated zero-level radio surveys
as reported by Fixsen et al. (2011), the origin of the radio
synchrotron background would be one of the mysteries of
contemporary astrophysics. It is difficult to produce the
observed level of surface brightness by known processes

without violating existing constraints. A brief review of some
recent literature on the subject follows:
Some authors (e.g., Subrahmanyan & Cowsik 2013) have

proposed that the background originates from a radio halo
surrounding the Milky Way Galaxy. Such a large halo has
been seen as an outcome in detailed studies of cosmic ray
propagation models (e.g., Orlando & Strong 2013) and is
possible in scenarios where the Galaxy has a significant wind
(e.g., Breitschwerdt et al. 2002; Biermann et al. 2010). There
are important difficulties with a Galactic origin, however. With
the ∼1 μG magnetic fields determined by radio source rotation
measures to be present in the Galactic halo, the same electrons
energetic enough to produce the radio synchrotron background
at the observed level would also overproduce the observed
X-ray background through inverse-Compton emission (Singal

Figure 1. Spectrum of the sky monopole in radiometric temperature units, reproduced from Seiffert et al. (2011), as measured by several different instruments or
surveys. The spectrum shows a clear power-law rise at frequencies below ∼10 GHz, above the otherwise dominant cosmic microwave background (CMB) level.
Diamonds are measurements from ARCADE2 (Fixsen et al. 2011), the square point is the measurement from Reich & Reich (1986), the triangle point is the
measurement of Haslam et al. (1982), the star point is the measurement of Maeda et al. (1999), and the plus point is the measurement of Roger et al. (1999). Higher-
frequency measurements from COBE-FIRAS (Fixsen & Mather 2002) are represented as the thick solid line. Reproduced from Seiffert et al. (2011). © AAS.

Figure 2. Spectral energy surface brightness density of the photon backgrounds
in the universe, with the level of the radio synchrotron background taken from
ARCADE2 and absolutely calibrated zero-level radio maps as reported by
Fixsen et al. (2011).
(A color version of this figure is available in the online journal.)

2

Publications of the Astronomical Society of the Pacific, 130:036001 (21pp), 2018 March Singal et al.

Fixen+2011; Seiffert+2011



Understanding the 
cosmological radio background

3

10-1 100 101 102 103
Frequency in GHz

10-2

10-1

100

101

102

103

In
te

ns
ity

 in
 M

Jy
/s

r

y = 0.15

νR, c ~ 735 MHz

νc ~ 217 GHz

Figure 1. Illustration for the total SZ scattering e↵ect. For this we chose an extremely large y-parameter of y = 0.15, applying
the single-scattering expression. Typical SZ clusters have y ' 10�4 implying that the signal is significantly smaller. The solid
black line shows the unscattered CMB + cosmic radio background, while the dashed blue line includes the e↵ect of Compton
scattering inside the galaxy cluster. The well-known tSZ null is visible at high frequencies, while the novel radio SZ null can
be appreciated at low frequencies. With respect to the unscattered background, clusters appear as sources at ⌫ . 735MHz and
⌫ & 217GHz, while they are ’shadows’ in between.

�CMB ' 1); we then have �I/I|tSZ ⇡ �T/TCMB|tSZ ⇡ �2y at z = 0, independently of the cluster’s redshift. For the
radio background, we need to more generally write

�T

TR

����
z=0

⇡ y f(zc) �(� � 3) (7)

to account for the possible redshift dependence of the mean cosmic radio background. In total we then have the change
of the brightness temperature with respect to the unscattered background brightness temperature TR + TCMB as

�T (z = 0) ⇡ y [TR,0(⌫) f(zc) �(� � 3)� 2TCMB] . (8)

The fractional increment for the radio SZ signal is comparable to the fractional decrement for the CMB SZ signal,
but the radio intensity is much larger at lower frequencies, while the CMB is much brighter at higher frequencies.
Inevitably, there will be a null, where there is no net SZ e↵ect; the frequency at which this null occurs depends on the
amplitude and spectral index of the radio background at the location of the cluster. From Eq. (8), one finds that

⌫R,c ⇡ ⌫0


TR,0(⌫0) f(zc) �(� � 3)

2TCMB

�1/(��1)

(9)

marks the position of the radio SZ null, which is independent of y, just like for the standard thermal SZ e↵ect. With
TR,0(⌫0) = 24.1K and � = 3.59, one then finds ⌫R,c ' 735MHz [f(zc)]0.39. At ⌫ � ⌫R,c, the standard SZ e↵ect arises,
with the well-known SZ null around ⌫c ⇡ 217GHz. On the other hand at ⌫ . ⌫R,c, the scattering e↵ects related to
the radio background are more important and the signal increases steeply towards lower frequencies (Fig. 1 and 2).
In the derivation above, the radio background is assumed to be isotropic. For a purely cosmological origin of the

radio background, this would be highly justified, but modifications to the expressions given above would arise if
not. We furthermore assumed that the up-scattering of radio photons is caused by non-relativistic thermal electrons.
Relativistic temperature corrections, just like for the standard SZ e↵ect (Sazonov & Sunyaev 1998; Itoh et al. 1998;
Chluba et al. 2012), are expected to become important for typical cluster temperatures (kT ' 5 KeV), increasing the
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Figure 1. Contributions of the non-relativistic CMB SZ signal, radio SZ 
signal, and combination of the two at low frequencies, alongside their 
relativistic corrections at T e = 10 keV. In the top panel, we see the change 
in intensity relative to the background signals, the bottom panel shows the 
ef fecti ve change in temperature measured at each frequency. We have set y = 
10 −4 and used n R with f ( z) = 1. Note this is a logarithmic plot in frequency. 
signal that is al w ays proportional to the radio background itself. i.e. 
!n R = τn R ( ν, z, α) F R ( θe , βc , µc , α) 

= τA R f ( z) F R ( θe , βc , µc , α) g ( ν, α) , (22) 
where F R now contains all of the kinematic and relativistic terms and 
can, in general, be thought of as a scattering amplitude. Here, we 
have also defined g ( ν, α) = ( x /x 0 ) −α x −1 

0 . 
We note that the radio background is al w ays positive and thus 

does not form an inherent null from scattering. In contrast, the 
normal CMB SZ signal has an inherent null at around 217 GHz, the 
cross-o v er frequenc y from photons being scattered out from lower 
frequencies into higher frequencies. Ho we ver, the combination of 
scattering of the radio background and CMB leads to a new null at 
around 735.5 MHz, as discussed in Holder & Chluba ( 2021 ). That 
is, we can write 
!n R + !n CMB ≈ τ

[ 
A R f ( z) F R ( θe , βc , µc , α) g ( ν, α) 

+ F CMB ( θe , βc , µc ) n CMB ( ν) ] , (23) 
where we note that F CMB ( θ e , βc , µc ) ≈ F R ( θ e , βc , µc , 1), and we 
note that F CMB is ne gativ e in this regime. This can all be seen easily 
in Fig. 1 , where the scattering from each the radio background and 
the CMB are shown individually alongside the combined signal. 

We can now quantify any changes to the observed signal in a 
heuristic manner. The kinematic and relativistic effects cause changes 
to F R and F CMB , which to first order enhance the observed change to 
the signal. e.g. in Fig. 1 we show the relativistic corrections to each 
signal for a cluster temperature of 10 keV. We see that the relativistic 
effect on both the CMB and radio scattering increase the signal. We 
can understand this physically as the relativistic corrections implying 
there is more up-scattering for the radio SZ signal, while for the CMB 
distortion this results in fewer photons being up-scattered out of this 
region. We will quantify the relativistic corrections more precisely 
below, but at low frequencies, the effects are typically a few per cent. 
These are comparable, if a little smaller, to the standard SZ effect. 

The kinematic corrections combine in a similar way – a cluster 
heading towards the observer (i.e. µc > 0) leads to more up- 
scattering, shifting the null to higher frequencies, while a cluster 
heading away shows the opposite effect. Changes to the amplitude of 
the radio background – either due to the uncertainty in measurements 
of A R , from f ( z) or from some inherent angular dependence to the 
signal, i.e. some f ( ̂  γ̂ γ̂ γ , z), also leads to a re-weighting of the radio 
component relative to the CMB component. 

Here, we can immediately observe a degeneracy within the signal. 
F or a giv en α, measurements of the total radio SZ signal can only 
e ver gi ve the relati ve amplitudes of the CMB and radio components 
– i.e. from the shape of the combined signal. Ho we ver, the more 
details of the clusters or the radio background are known, the more 
information can be obtained from the signal. For instance, if τ (or 
y ) is known, the amplitude of the signal itself becomes a second 
independent measurement from the radio SZ signal. It should also 
be noted that variations in α, either within the measurement of the 
radio background itself, or due to anisotropies, would in principle be 
distinguishable from the other variations within the signal. Further- 
more, since F R and F CMB are not independent quantities and together 
give a complex dependence on T e , βc , and µc , more information may 
be gained from them than initially supposed. Ho we ver, this requires 
detailed forecasts and high precision measurements. 
3.2 Relativistic and kinematic corrections 
In Fig. 2 , we sho w the non-relati vistic combined signal (as described 
in Holder & Chluba 2021 ) alongside the signal including relativistic 
and kinematic corrections. Here, we have shown an energetic cluster 
in terms of the kinematic corrections (with βc = 0.005 and µc = 
±1.0). The relativistic corrections come from a cluster temperature, 
T e = 10 keV, a temperature typical of the most massive clusters in the 
Universe (Arnaud, Pointecouteau & Pratt 2005 ; Lee et al. 2020 ). We 
have calculated all of these distortions with SZpack . 3 We assume 
here that the radio background is comoving with the CMB – or 
alternatively that it is isotropic in the CMB rest frame. That is, that it 
is meaningful to use the same value of βc for both the CMB induced 
signal and the radio SZ signal. 

The first aspect to note is that while these corrections roughly 
maintain the shape of the distortion in these regions they lead to 
shifts in frequency. A second point is that the shapes are none the less 
distorted, as can be seen in the third panel of Fig. 2 . The kinematic 
effects are generally larger than the relativistic effects, as in the 
normal SZ effect. In comparison to the standard kSZ effect, the 
kinematic radio SZ effect is # 3.6 times larger due to the steepness 
of the radio background. 
3 The modifications for the specific code here are available on request. 
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Figure 1. Contributions of the non-relativistic CMB SZ signal, radio SZ 
signal, and combination of the two at low frequencies, alongside their 
relativistic corrections at T e = 10 keV. In the top panel, we see the change 
in intensity relative to the background signals, the bottom panel shows the 
ef fecti ve change in temperature measured at each frequency. We have set y = 
10 −4 and used n R with f ( z) = 1. Note this is a logarithmic plot in frequency. 
signal that is al w ays proportional to the radio background itself. i.e. 
!n R = τn R ( ν, z, α) F R ( θe , βc , µc , α) 

= τA R f ( z) F R ( θe , βc , µc , α) g ( ν, α) , (22) 
where F R now contains all of the kinematic and relativistic terms and 
can, in general, be thought of as a scattering amplitude. Here, we 
have also defined g ( ν, α) = ( x /x 0 ) −α x −1 

0 . 
We note that the radio background is al w ays positive and thus 

does not form an inherent null from scattering. In contrast, the 
normal CMB SZ signal has an inherent null at around 217 GHz, the 
cross-o v er frequenc y from photons being scattered out from lower 
frequencies into higher frequencies. Ho we ver, the combination of 
scattering of the radio background and CMB leads to a new null at 
around 735.5 MHz, as discussed in Holder & Chluba ( 2021 ). That 
is, we can write 
!n R + !n CMB ≈ τ

[ 
A R f ( z) F R ( θe , βc , µc , α) g ( ν, α) 

+ F CMB ( θe , βc , µc ) n CMB ( ν) ] , (23) 
where we note that F CMB ( θ e , βc , µc ) ≈ F R ( θ e , βc , µc , 1), and we 
note that F CMB is ne gativ e in this regime. This can all be seen easily 
in Fig. 1 , where the scattering from each the radio background and 
the CMB are shown individually alongside the combined signal. 

We can now quantify any changes to the observed signal in a 
heuristic manner. The kinematic and relativistic effects cause changes 
to F R and F CMB , which to first order enhance the observed change to 
the signal. e.g. in Fig. 1 we show the relativistic corrections to each 
signal for a cluster temperature of 10 keV. We see that the relativistic 
effect on both the CMB and radio scattering increase the signal. We 
can understand this physically as the relativistic corrections implying 
there is more up-scattering for the radio SZ signal, while for the CMB 
distortion this results in fewer photons being up-scattered out of this 
region. We will quantify the relativistic corrections more precisely 
below, but at low frequencies, the effects are typically a few per cent. 
These are comparable, if a little smaller, to the standard SZ effect. 

The kinematic corrections combine in a similar way – a cluster 
heading towards the observer (i.e. µc > 0) leads to more up- 
scattering, shifting the null to higher frequencies, while a cluster 
heading away shows the opposite effect. Changes to the amplitude of 
the radio background – either due to the uncertainty in measurements 
of A R , from f ( z) or from some inherent angular dependence to the 
signal, i.e. some f ( ̂  γ̂ γ̂ γ , z), also leads to a re-weighting of the radio 
component relative to the CMB component. 

Here, we can immediately observe a degeneracy within the signal. 
F or a giv en α, measurements of the total radio SZ signal can only 
e ver gi ve the relati ve amplitudes of the CMB and radio components 
– i.e. from the shape of the combined signal. Ho we ver, the more 
details of the clusters or the radio background are known, the more 
information can be obtained from the signal. For instance, if τ (or 
y ) is known, the amplitude of the signal itself becomes a second 
independent measurement from the radio SZ signal. It should also 
be noted that variations in α, either within the measurement of the 
radio background itself, or due to anisotropies, would in principle be 
distinguishable from the other variations within the signal. Further- 
more, since F R and F CMB are not independent quantities and together 
give a complex dependence on T e , βc , and µc , more information may 
be gained from them than initially supposed. Ho we ver, this requires 
detailed forecasts and high precision measurements. 
3.2 Relativistic and kinematic corrections 
In Fig. 2 , we sho w the non-relati vistic combined signal (as described 
in Holder & Chluba 2021 ) alongside the signal including relativistic 
and kinematic corrections. Here, we have shown an energetic cluster 
in terms of the kinematic corrections (with βc = 0.005 and µc = 
±1.0). The relativistic corrections come from a cluster temperature, 
T e = 10 keV, a temperature typical of the most massive clusters in the 
Universe (Arnaud, Pointecouteau & Pratt 2005 ; Lee et al. 2020 ). We 
have calculated all of these distortions with SZpack . 3 We assume 
here that the radio background is comoving with the CMB – or 
alternatively that it is isotropic in the CMB rest frame. That is, that it 
is meaningful to use the same value of βc for both the CMB induced 
signal and the radio SZ signal. 

The first aspect to note is that while these corrections roughly 
maintain the shape of the distortion in these regions they lead to 
shifts in frequency. A second point is that the shapes are none the less 
distorted, as can be seen in the third panel of Fig. 2 . The kinematic 
effects are generally larger than the relativistic effects, as in the 
normal SZ effect. In comparison to the standard kSZ effect, the 
kinematic radio SZ effect is # 3.6 times larger due to the steepness 
of the radio background. 
3 The modifications for the specific code here are available on request. 
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Figure 1. Contributions of the non-relativistic CMB SZ signal, radio SZ 
signal, and combination of the two at low frequencies, alongside their 
relativistic corrections at T e = 10 keV. In the top panel, we see the change 
in intensity relative to the background signals, the bottom panel shows the 
ef fecti ve change in temperature measured at each frequency. We have set y = 
10 −4 and used n R with f ( z) = 1. Note this is a logarithmic plot in frequency. 
signal that is al w ays proportional to the radio background itself. i.e. 
!n R = τn R ( ν, z, α) F R ( θe , βc , µc , α) 

= τA R f ( z) F R ( θe , βc , µc , α) g ( ν, α) , (22) 
where F R now contains all of the kinematic and relativistic terms and 
can, in general, be thought of as a scattering amplitude. Here, we 
have also defined g ( ν, α) = ( x /x 0 ) −α x −1 

0 . 
We note that the radio background is al w ays positive and thus 

does not form an inherent null from scattering. In contrast, the 
normal CMB SZ signal has an inherent null at around 217 GHz, the 
cross-o v er frequenc y from photons being scattered out from lower 
frequencies into higher frequencies. Ho we ver, the combination of 
scattering of the radio background and CMB leads to a new null at 
around 735.5 MHz, as discussed in Holder & Chluba ( 2021 ). That 
is, we can write 
!n R + !n CMB ≈ τ

[ 
A R f ( z) F R ( θe , βc , µc , α) g ( ν, α) 

+ F CMB ( θe , βc , µc ) n CMB ( ν) ] , (23) 
where we note that F CMB ( θ e , βc , µc ) ≈ F R ( θ e , βc , µc , 1), and we 
note that F CMB is ne gativ e in this regime. This can all be seen easily 
in Fig. 1 , where the scattering from each the radio background and 
the CMB are shown individually alongside the combined signal. 

We can now quantify any changes to the observed signal in a 
heuristic manner. The kinematic and relativistic effects cause changes 
to F R and F CMB , which to first order enhance the observed change to 
the signal. e.g. in Fig. 1 we show the relativistic corrections to each 
signal for a cluster temperature of 10 keV. We see that the relativistic 
effect on both the CMB and radio scattering increase the signal. We 
can understand this physically as the relativistic corrections implying 
there is more up-scattering for the radio SZ signal, while for the CMB 
distortion this results in fewer photons being up-scattered out of this 
region. We will quantify the relativistic corrections more precisely 
below, but at low frequencies, the effects are typically a few per cent. 
These are comparable, if a little smaller, to the standard SZ effect. 

The kinematic corrections combine in a similar way – a cluster 
heading towards the observer (i.e. µc > 0) leads to more up- 
scattering, shifting the null to higher frequencies, while a cluster 
heading away shows the opposite effect. Changes to the amplitude of 
the radio background – either due to the uncertainty in measurements 
of A R , from f ( z) or from some inherent angular dependence to the 
signal, i.e. some f ( ̂  γ̂ γ̂ γ , z), also leads to a re-weighting of the radio 
component relative to the CMB component. 

Here, we can immediately observe a degeneracy within the signal. 
F or a giv en α, measurements of the total radio SZ signal can only 
e ver gi ve the relati ve amplitudes of the CMB and radio components 
– i.e. from the shape of the combined signal. Ho we ver, the more 
details of the clusters or the radio background are known, the more 
information can be obtained from the signal. For instance, if τ (or 
y ) is known, the amplitude of the signal itself becomes a second 
independent measurement from the radio SZ signal. It should also 
be noted that variations in α, either within the measurement of the 
radio background itself, or due to anisotropies, would in principle be 
distinguishable from the other variations within the signal. Further- 
more, since F R and F CMB are not independent quantities and together 
give a complex dependence on T e , βc , and µc , more information may 
be gained from them than initially supposed. Ho we ver, this requires 
detailed forecasts and high precision measurements. 
3.2 Relativistic and kinematic corrections 
In Fig. 2 , we sho w the non-relati vistic combined signal (as described 
in Holder & Chluba 2021 ) alongside the signal including relativistic 
and kinematic corrections. Here, we have shown an energetic cluster 
in terms of the kinematic corrections (with βc = 0.005 and µc = 
±1.0). The relativistic corrections come from a cluster temperature, 
T e = 10 keV, a temperature typical of the most massive clusters in the 
Universe (Arnaud, Pointecouteau & Pratt 2005 ; Lee et al. 2020 ). We 
have calculated all of these distortions with SZpack . 3 We assume 
here that the radio background is comoving with the CMB – or 
alternatively that it is isotropic in the CMB rest frame. That is, that it 
is meaningful to use the same value of βc for both the CMB induced 
signal and the radio SZ signal. 

The first aspect to note is that while these corrections roughly 
maintain the shape of the distortion in these regions they lead to 
shifts in frequency. A second point is that the shapes are none the less 
distorted, as can be seen in the third panel of Fig. 2 . The kinematic 
effects are generally larger than the relativistic effects, as in the 
normal SZ effect. In comparison to the standard kSZ effect, the 
kinematic radio SZ effect is # 3.6 times larger due to the steepness 
of the radio background. 
3 The modifications for the specific code here are available on request. 
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These results, although consistent between ARCADE2
in the low GHz range and lower frequency absolutely
calibrated zero-level radio surveys in the MHz range, are
not without controversy. ARCADE2 was designed as an
absolute measurement but had limited sky coverage, while the
lower frequency radio surveys were not designed with such
an absolute zero-level calibration as a primary goal, and
did not tend to stress the intricacies of their zero-level
calibration when reporting results. Still, the agreement
between ARCADE 2 and absolutely calibrated zero-level
MHz radio surveys necessitates investigation, because such a
result, if true, would potentially imply very interesting
consequences for our understanding of Galactic and/or
extragalactic radio emission.

The radio synchrotron monopole level as reported by
ARCADE2 and lower frequency surveys is spatially uniform
enough to be considered a “background,” thus it would join the
astrophysical backgrounds known in all other regions of
the electromagnetic spectrum. As there are many reasons to
believe the diffuse radio monopole is extragalactic and in fact
cosmological, many have taken to referring to it as the “cosmic
radio background.” As we strive for neutrality on this question
this work will refer to it as the radio synchrotron background.
The reported radio synchrotron monopole spectrum as a
function of frequency in radiometric temperature units is
shown in Figure 1, while a comparison with the photon
backgrounds in other wavebands is shown in spectral energy
surface brightness units in Figure 2.

If it is indeed at the level determined from ARCADE2 and
lower frequency absolutely calibrated zero-level radio surveys
as reported by Fixsen et al. (2011), the origin of the radio
synchrotron background would be one of the mysteries of
contemporary astrophysics. It is difficult to produce the
observed level of surface brightness by known processes

without violating existing constraints. A brief review of some
recent literature on the subject follows:
Some authors (e.g., Subrahmanyan & Cowsik 2013) have

proposed that the background originates from a radio halo
surrounding the Milky Way Galaxy. Such a large halo has
been seen as an outcome in detailed studies of cosmic ray
propagation models (e.g., Orlando & Strong 2013) and is
possible in scenarios where the Galaxy has a significant wind
(e.g., Breitschwerdt et al. 2002; Biermann et al. 2010). There
are important difficulties with a Galactic origin, however. With
the ∼1 μG magnetic fields determined by radio source rotation
measures to be present in the Galactic halo, the same electrons
energetic enough to produce the radio synchrotron background
at the observed level would also overproduce the observed
X-ray background through inverse-Compton emission (Singal

Figure 1. Spectrum of the sky monopole in radiometric temperature units, reproduced from Seiffert et al. (2011), as measured by several different instruments or
surveys. The spectrum shows a clear power-law rise at frequencies below ∼10 GHz, above the otherwise dominant cosmic microwave background (CMB) level.
Diamonds are measurements from ARCADE2 (Fixsen et al. 2011), the square point is the measurement from Reich & Reich (1986), the triangle point is the
measurement of Haslam et al. (1982), the star point is the measurement of Maeda et al. (1999), and the plus point is the measurement of Roger et al. (1999). Higher-
frequency measurements from COBE-FIRAS (Fixsen & Mather 2002) are represented as the thick solid line. Reproduced from Seiffert et al. (2011). © AAS.

Figure 2. Spectral energy surface brightness density of the photon backgrounds
in the universe, with the level of the radio synchrotron background taken from
ARCADE2 and absolutely calibrated zero-level radio maps as reported by
Fixsen et al. (2011).
(A color version of this figure is available in the online journal.)
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Figure 1. Illustration for the total SZ scattering e↵ect. For this we chose an extremely large y-parameter of y = 0.15, applying
the single-scattering expression. Typical SZ clusters have y ' 10�4 implying that the signal is significantly smaller. The solid
black line shows the unscattered CMB + cosmic radio background, while the dashed blue line includes the e↵ect of Compton
scattering inside the galaxy cluster. The well-known tSZ null is visible at high frequencies, while the novel radio SZ null can
be appreciated at low frequencies. With respect to the unscattered background, clusters appear as sources at ⌫ . 735MHz and
⌫ & 217GHz, while they are ’shadows’ in between.

�CMB ' 1); we then have �I/I|tSZ ⇡ �T/TCMB|tSZ ⇡ �2y at z = 0, independently of the cluster’s redshift. For the
radio background, we need to more generally write

�T

TR

����
z=0

⇡ y f(zc) �(� � 3) (7)

to account for the possible redshift dependence of the mean cosmic radio background. In total we then have the change
of the brightness temperature with respect to the unscattered background brightness temperature TR + TCMB as

�T (z = 0) ⇡ y [TR,0(⌫) f(zc) �(� � 3)� 2TCMB] . (8)

The fractional increment for the radio SZ signal is comparable to the fractional decrement for the CMB SZ signal,
but the radio intensity is much larger at lower frequencies, while the CMB is much brighter at higher frequencies.
Inevitably, there will be a null, where there is no net SZ e↵ect; the frequency at which this null occurs depends on the
amplitude and spectral index of the radio background at the location of the cluster. From Eq. (8), one finds that

⌫R,c ⇡ ⌫0


TR,0(⌫0) f(zc) �(� � 3)

2TCMB

�1/(��1)

(9)

marks the position of the radio SZ null, which is independent of y, just like for the standard thermal SZ e↵ect. With
TR,0(⌫0) = 24.1K and � = 3.59, one then finds ⌫R,c ' 735MHz [f(zc)]0.39. At ⌫ � ⌫R,c, the standard SZ e↵ect arises,
with the well-known SZ null around ⌫c ⇡ 217GHz. On the other hand at ⌫ . ⌫R,c, the scattering e↵ects related to
the radio background are more important and the signal increases steeply towards lower frequencies (Fig. 1 and 2).
In the derivation above, the radio background is assumed to be isotropic. For a purely cosmological origin of the

radio background, this would be highly justified, but modifications to the expressions given above would arise if
not. We furthermore assumed that the up-scattering of radio photons is caused by non-relativistic thermal electrons.
Relativistic temperature corrections, just like for the standard SZ e↵ect (Sazonov & Sunyaev 1998; Itoh et al. 1998;
Chluba et al. 2012), are expected to become important for typical cluster temperatures (kT ' 5 KeV), increasing the
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Figure 1. Contributions of the non-relativistic CMB SZ signal, radio SZ 
signal, and combination of the two at low frequencies, alongside their 
relativistic corrections at T e = 10 keV. In the top panel, we see the change 
in intensity relative to the background signals, the bottom panel shows the 
ef fecti ve change in temperature measured at each frequency. We have set y = 
10 −4 and used n R with f ( z) = 1. Note this is a logarithmic plot in frequency. 
signal that is al w ays proportional to the radio background itself. i.e. 
!n R = τn R ( ν, z, α) F R ( θe , βc , µc , α) 

= τA R f ( z) F R ( θe , βc , µc , α) g ( ν, α) , (22) 
where F R now contains all of the kinematic and relativistic terms and 
can, in general, be thought of as a scattering amplitude. Here, we 
have also defined g ( ν, α) = ( x /x 0 ) −α x −1 

0 . 
We note that the radio background is al w ays positive and thus 

does not form an inherent null from scattering. In contrast, the 
normal CMB SZ signal has an inherent null at around 217 GHz, the 
cross-o v er frequenc y from photons being scattered out from lower 
frequencies into higher frequencies. Ho we ver, the combination of 
scattering of the radio background and CMB leads to a new null at 
around 735.5 MHz, as discussed in Holder & Chluba ( 2021 ). That 
is, we can write 
!n R + !n CMB ≈ τ

[ 
A R f ( z) F R ( θe , βc , µc , α) g ( ν, α) 

+ F CMB ( θe , βc , µc ) n CMB ( ν) ] , (23) 
where we note that F CMB ( θ e , βc , µc ) ≈ F R ( θ e , βc , µc , 1), and we 
note that F CMB is ne gativ e in this regime. This can all be seen easily 
in Fig. 1 , where the scattering from each the radio background and 
the CMB are shown individually alongside the combined signal. 

We can now quantify any changes to the observed signal in a 
heuristic manner. The kinematic and relativistic effects cause changes 
to F R and F CMB , which to first order enhance the observed change to 
the signal. e.g. in Fig. 1 we show the relativistic corrections to each 
signal for a cluster temperature of 10 keV. We see that the relativistic 
effect on both the CMB and radio scattering increase the signal. We 
can understand this physically as the relativistic corrections implying 
there is more up-scattering for the radio SZ signal, while for the CMB 
distortion this results in fewer photons being up-scattered out of this 
region. We will quantify the relativistic corrections more precisely 
below, but at low frequencies, the effects are typically a few per cent. 
These are comparable, if a little smaller, to the standard SZ effect. 

The kinematic corrections combine in a similar way – a cluster 
heading towards the observer (i.e. µc > 0) leads to more up- 
scattering, shifting the null to higher frequencies, while a cluster 
heading away shows the opposite effect. Changes to the amplitude of 
the radio background – either due to the uncertainty in measurements 
of A R , from f ( z) or from some inherent angular dependence to the 
signal, i.e. some f ( ̂  γ̂ γ̂ γ , z), also leads to a re-weighting of the radio 
component relative to the CMB component. 

Here, we can immediately observe a degeneracy within the signal. 
F or a giv en α, measurements of the total radio SZ signal can only 
e ver gi ve the relati ve amplitudes of the CMB and radio components 
– i.e. from the shape of the combined signal. Ho we ver, the more 
details of the clusters or the radio background are known, the more 
information can be obtained from the signal. For instance, if τ (or 
y ) is known, the amplitude of the signal itself becomes a second 
independent measurement from the radio SZ signal. It should also 
be noted that variations in α, either within the measurement of the 
radio background itself, or due to anisotropies, would in principle be 
distinguishable from the other variations within the signal. Further- 
more, since F R and F CMB are not independent quantities and together 
give a complex dependence on T e , βc , and µc , more information may 
be gained from them than initially supposed. Ho we ver, this requires 
detailed forecasts and high precision measurements. 
3.2 Relativistic and kinematic corrections 
In Fig. 2 , we sho w the non-relati vistic combined signal (as described 
in Holder & Chluba 2021 ) alongside the signal including relativistic 
and kinematic corrections. Here, we have shown an energetic cluster 
in terms of the kinematic corrections (with βc = 0.005 and µc = 
±1.0). The relativistic corrections come from a cluster temperature, 
T e = 10 keV, a temperature typical of the most massive clusters in the 
Universe (Arnaud, Pointecouteau & Pratt 2005 ; Lee et al. 2020 ). We 
have calculated all of these distortions with SZpack . 3 We assume 
here that the radio background is comoving with the CMB – or 
alternatively that it is isotropic in the CMB rest frame. That is, that it 
is meaningful to use the same value of βc for both the CMB induced 
signal and the radio SZ signal. 

The first aspect to note is that while these corrections roughly 
maintain the shape of the distortion in these regions they lead to 
shifts in frequency. A second point is that the shapes are none the less 
distorted, as can be seen in the third panel of Fig. 2 . The kinematic 
effects are generally larger than the relativistic effects, as in the 
normal SZ effect. In comparison to the standard kSZ effect, the 
kinematic radio SZ effect is # 3.6 times larger due to the steepness 
of the radio background. 
3 The modifications for the specific code here are available on request. 
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Figure 1. Contributions of the non-relativistic CMB SZ signal, radio SZ 
signal, and combination of the two at low frequencies, alongside their 
relativistic corrections at T e = 10 keV. In the top panel, we see the change 
in intensity relative to the background signals, the bottom panel shows the 
ef fecti ve change in temperature measured at each frequency. We have set y = 
10 −4 and used n R with f ( z) = 1. Note this is a logarithmic plot in frequency. 
signal that is al w ays proportional to the radio background itself. i.e. 
!n R = τn R ( ν, z, α) F R ( θe , βc , µc , α) 

= τA R f ( z) F R ( θe , βc , µc , α) g ( ν, α) , (22) 
where F R now contains all of the kinematic and relativistic terms and 
can, in general, be thought of as a scattering amplitude. Here, we 
have also defined g ( ν, α) = ( x /x 0 ) −α x −1 

0 . 
We note that the radio background is al w ays positive and thus 

does not form an inherent null from scattering. In contrast, the 
normal CMB SZ signal has an inherent null at around 217 GHz, the 
cross-o v er frequenc y from photons being scattered out from lower 
frequencies into higher frequencies. Ho we ver, the combination of 
scattering of the radio background and CMB leads to a new null at 
around 735.5 MHz, as discussed in Holder & Chluba ( 2021 ). That 
is, we can write 
!n R + !n CMB ≈ τ

[ 
A R f ( z) F R ( θe , βc , µc , α) g ( ν, α) 

+ F CMB ( θe , βc , µc ) n CMB ( ν) ] , (23) 
where we note that F CMB ( θ e , βc , µc ) ≈ F R ( θ e , βc , µc , 1), and we 
note that F CMB is ne gativ e in this regime. This can all be seen easily 
in Fig. 1 , where the scattering from each the radio background and 
the CMB are shown individually alongside the combined signal. 

We can now quantify any changes to the observed signal in a 
heuristic manner. The kinematic and relativistic effects cause changes 
to F R and F CMB , which to first order enhance the observed change to 
the signal. e.g. in Fig. 1 we show the relativistic corrections to each 
signal for a cluster temperature of 10 keV. We see that the relativistic 
effect on both the CMB and radio scattering increase the signal. We 
can understand this physically as the relativistic corrections implying 
there is more up-scattering for the radio SZ signal, while for the CMB 
distortion this results in fewer photons being up-scattered out of this 
region. We will quantify the relativistic corrections more precisely 
below, but at low frequencies, the effects are typically a few per cent. 
These are comparable, if a little smaller, to the standard SZ effect. 

The kinematic corrections combine in a similar way – a cluster 
heading towards the observer (i.e. µc > 0) leads to more up- 
scattering, shifting the null to higher frequencies, while a cluster 
heading away shows the opposite effect. Changes to the amplitude of 
the radio background – either due to the uncertainty in measurements 
of A R , from f ( z) or from some inherent angular dependence to the 
signal, i.e. some f ( ̂  γ̂ γ̂ γ , z), also leads to a re-weighting of the radio 
component relative to the CMB component. 

Here, we can immediately observe a degeneracy within the signal. 
F or a giv en α, measurements of the total radio SZ signal can only 
e ver gi ve the relati ve amplitudes of the CMB and radio components 
– i.e. from the shape of the combined signal. Ho we ver, the more 
details of the clusters or the radio background are known, the more 
information can be obtained from the signal. For instance, if τ (or 
y ) is known, the amplitude of the signal itself becomes a second 
independent measurement from the radio SZ signal. It should also 
be noted that variations in α, either within the measurement of the 
radio background itself, or due to anisotropies, would in principle be 
distinguishable from the other variations within the signal. Further- 
more, since F R and F CMB are not independent quantities and together 
give a complex dependence on T e , βc , and µc , more information may 
be gained from them than initially supposed. Ho we ver, this requires 
detailed forecasts and high precision measurements. 
3.2 Relativistic and kinematic corrections 
In Fig. 2 , we sho w the non-relati vistic combined signal (as described 
in Holder & Chluba 2021 ) alongside the signal including relativistic 
and kinematic corrections. Here, we have shown an energetic cluster 
in terms of the kinematic corrections (with βc = 0.005 and µc = 
±1.0). The relativistic corrections come from a cluster temperature, 
T e = 10 keV, a temperature typical of the most massive clusters in the 
Universe (Arnaud, Pointecouteau & Pratt 2005 ; Lee et al. 2020 ). We 
have calculated all of these distortions with SZpack . 3 We assume 
here that the radio background is comoving with the CMB – or 
alternatively that it is isotropic in the CMB rest frame. That is, that it 
is meaningful to use the same value of βc for both the CMB induced 
signal and the radio SZ signal. 

The first aspect to note is that while these corrections roughly 
maintain the shape of the distortion in these regions they lead to 
shifts in frequency. A second point is that the shapes are none the less 
distorted, as can be seen in the third panel of Fig. 2 . The kinematic 
effects are generally larger than the relativistic effects, as in the 
normal SZ effect. In comparison to the standard kSZ effect, the 
kinematic radio SZ effect is # 3.6 times larger due to the steepness 
of the radio background. 
3 The modifications for the specific code here are available on request. 
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Figure 1. Contributions of the non-relativistic CMB SZ signal, radio SZ 
signal, and combination of the two at low frequencies, alongside their 
relativistic corrections at T e = 10 keV. In the top panel, we see the change 
in intensity relative to the background signals, the bottom panel shows the 
ef fecti ve change in temperature measured at each frequency. We have set y = 
10 −4 and used n R with f ( z) = 1. Note this is a logarithmic plot in frequency. 
signal that is al w ays proportional to the radio background itself. i.e. 
!n R = τn R ( ν, z, α) F R ( θe , βc , µc , α) 

= τA R f ( z) F R ( θe , βc , µc , α) g ( ν, α) , (22) 
where F R now contains all of the kinematic and relativistic terms and 
can, in general, be thought of as a scattering amplitude. Here, we 
have also defined g ( ν, α) = ( x /x 0 ) −α x −1 
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We note that the radio background is al w ays positive and thus 

does not form an inherent null from scattering. In contrast, the 
normal CMB SZ signal has an inherent null at around 217 GHz, the 
cross-o v er frequenc y from photons being scattered out from lower 
frequencies into higher frequencies. Ho we ver, the combination of 
scattering of the radio background and CMB leads to a new null at 
around 735.5 MHz, as discussed in Holder & Chluba ( 2021 ). That 
is, we can write 
!n R + !n CMB ≈ τ

[ 
A R f ( z) F R ( θe , βc , µc , α) g ( ν, α) 

+ F CMB ( θe , βc , µc ) n CMB ( ν) ] , (23) 
where we note that F CMB ( θ e , βc , µc ) ≈ F R ( θ e , βc , µc , 1), and we 
note that F CMB is ne gativ e in this regime. This can all be seen easily 
in Fig. 1 , where the scattering from each the radio background and 
the CMB are shown individually alongside the combined signal. 

We can now quantify any changes to the observed signal in a 
heuristic manner. The kinematic and relativistic effects cause changes 
to F R and F CMB , which to first order enhance the observed change to 
the signal. e.g. in Fig. 1 we show the relativistic corrections to each 
signal for a cluster temperature of 10 keV. We see that the relativistic 
effect on both the CMB and radio scattering increase the signal. We 
can understand this physically as the relativistic corrections implying 
there is more up-scattering for the radio SZ signal, while for the CMB 
distortion this results in fewer photons being up-scattered out of this 
region. We will quantify the relativistic corrections more precisely 
below, but at low frequencies, the effects are typically a few per cent. 
These are comparable, if a little smaller, to the standard SZ effect. 

The kinematic corrections combine in a similar way – a cluster 
heading towards the observer (i.e. µc > 0) leads to more up- 
scattering, shifting the null to higher frequencies, while a cluster 
heading away shows the opposite effect. Changes to the amplitude of 
the radio background – either due to the uncertainty in measurements 
of A R , from f ( z) or from some inherent angular dependence to the 
signal, i.e. some f ( ̂  γ̂ γ̂ γ , z), also leads to a re-weighting of the radio 
component relative to the CMB component. 

Here, we can immediately observe a degeneracy within the signal. 
F or a giv en α, measurements of the total radio SZ signal can only 
e ver gi ve the relati ve amplitudes of the CMB and radio components 
– i.e. from the shape of the combined signal. Ho we ver, the more 
details of the clusters or the radio background are known, the more 
information can be obtained from the signal. For instance, if τ (or 
y ) is known, the amplitude of the signal itself becomes a second 
independent measurement from the radio SZ signal. It should also 
be noted that variations in α, either within the measurement of the 
radio background itself, or due to anisotropies, would in principle be 
distinguishable from the other variations within the signal. Further- 
more, since F R and F CMB are not independent quantities and together 
give a complex dependence on T e , βc , and µc , more information may 
be gained from them than initially supposed. Ho we ver, this requires 
detailed forecasts and high precision measurements. 
3.2 Relativistic and kinematic corrections 
In Fig. 2 , we sho w the non-relati vistic combined signal (as described 
in Holder & Chluba 2021 ) alongside the signal including relativistic 
and kinematic corrections. Here, we have shown an energetic cluster 
in terms of the kinematic corrections (with βc = 0.005 and µc = 
±1.0). The relativistic corrections come from a cluster temperature, 
T e = 10 keV, a temperature typical of the most massive clusters in the 
Universe (Arnaud, Pointecouteau & Pratt 2005 ; Lee et al. 2020 ). We 
have calculated all of these distortions with SZpack . 3 We assume 
here that the radio background is comoving with the CMB – or 
alternatively that it is isotropic in the CMB rest frame. That is, that it 
is meaningful to use the same value of βc for both the CMB induced 
signal and the radio SZ signal. 

The first aspect to note is that while these corrections roughly 
maintain the shape of the distortion in these regions they lead to 
shifts in frequency. A second point is that the shapes are none the less 
distorted, as can be seen in the third panel of Fig. 2 . The kinematic 
effects are generally larger than the relativistic effects, as in the 
normal SZ effect. In comparison to the standard kSZ effect, the 
kinematic radio SZ effect is # 3.6 times larger due to the steepness 
of the radio background. 
3 The modifications for the specific code here are available on request. 
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Well positioned for >8x increase in 
MK-SPT science, but need more 

input with science input



Expansion to MeerKAT+



Summary
New MeerKAT XLP: 800 deg2 sub-10 µJy/beam UHF survey over SPT deep 
fields, leveraging mm and cm-wave synergies to explore a discovery-rich 
parameter space.

Survey provides a unique combination of area, depth, angular resolution, 
imaging fidelity.

Wide range of commensal science (clusters, high-z galaxies, radio transients, 
OHMs) as well as cosmological applications. 


