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Outline

Science targets for a multi-band  
mm/submm focal plane with 
mJy sensitivity

Design and demonstrations to date of NEW-MUSIC enabling technology:
Al(-Ti)/a-Si:H Parallel Plate Capacitor (PPC)-KIDs microstrip-coupled to multi-band hierarchical phased-array antennas

Instrument Configuration and Deployment

Conclusions and outlook

2

3 minute integration on ~FoV-scale field (7’ initially; 14’ full focal plane)

band [GHz] 90 150 220 270 350 405

rms depth [mJy] 1 2 2 3 4.5 9

5σ detection limit [mJy] 5 11 10.5 19 22 47
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Multi-band spectral coverage  
80-420 GHz: substantial 
 scientific potential
Six spectral bands available most  

of the time at excellent sites
Many astrophysical emission  

mechanisms accessible:
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mm/submm probes earlier times

tidal disruption event Swift J1644+57

binary black hole MAXI J1820+070: Much richer behavior in mm/submm 
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SZ effect in galaxy clusters, circumgalactic medium, and IGM

3

mm/submm probes earlier times

tidal disruption event Swift J1644+57

Multiple bands critical for 
separation of kinetic and 

relativistic SZ from thermal 
SZ and dusty galaxies

Realistic kSZ Simulations to Forecast 
Constraints on Structure Formation and 

Cosmic Acceleration
T. Macioce1*, J. Sayers1, S.R. Golwala1, M. Meneghetti2,3, K. Larson1, O. El Harzli4,5,6

1Division of Physics, Mathematics, and Astronomy, California Institute of Technology, Pasadena, CA, USA 91125
2Osservatorio Astronomico di Bologna, Via Gobetti 93/3, 40129, Bologna, Italy

3INFN, Sezione di Bologna, viale Berti Pichat 6/2, I-40127 Bologna, Italy
4Mines ParisTech, 60 Boulevard Saint Michel, 75006 Paris, France

5Observatoire de Paris, 61 Avenue de l'Observatoire, 75014 Paris, France
6CNRS, 3 Rue Michel Ange, 75016 Paris, France

Method
Model of the distribution of cluster gas (GNFW 

profile or hydrodynamically simulated cluster)

r/rscale

�(
r)

SZ signal at multiple frequencies

Parametric model � input parameters 

Te, vz, � (cluster-averaged or resolved)

Line-of-sight 

projection

Add contaminants &
 

instru
mental effects

Component 

separation and fitting

Goal: analyze a representative sample of clusters with a variety of instrumentation 
choices, comparing and quantifying constraints on vz & cosmology

Funding: This work was supported by a NASA Space Technology Research Fellowship. This work was 

also supported by an NSF Astronomy and Astrophysics Research Grant.

Preliminary Results

A 10% prior on ICM temperature (from, e.g., X-ray observations) would help significantly to break the 
degeneracies between SZ parameters, giving roughly 10%, 20%, and 10% constraints on Te, vz, and �, 
respectively—compare to constraints for the same cluster without using a temperature prior:
 
A 5% temperature prior, which may be achievable in the coming decades, would help even more, 
allowing constraints of 10% on bulk ICM velocity and 5% on optical depth in this example. 

10% prior on Te

Te = 5+5
-3  keV, vz = 4+6

-2×102 km/s, � = 2+2
-1×10-2 (see plots in "Analysis" section).
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Introduction
Pairwise kSZ
+ Planck CMB 

Pairwise kSZ
+ DETF (no � constraints)
+ Planck CMB
DETF (with � constraints)
+ Planck CMB

Pairwise kSZ surveys are predicted 
to improve constraints on 
cosmological parameters such as the 
growth index � and dark energy 
equation of state parameter w0, as 
they can help break degeneracies in 
other probes such as weak lensing 
and RSD surveys.  Figure adapted 
from [1].

• Cosmic velocity field measurements are a 
competitive way to constrain the growth history of 
the Universe, e.g., the dark energy equation of 
state (EoS) and deviations from general realtivity 
on large scales
• There are a few ways to do this, including surveys 
of redshift-space distortions (RSD) and the pairwise 
kinetic Sunyaev-Zel'dovich (kSZ) effect (e.g., [3])
• This work focuses instead on using kSZ-derived 
velocities of individual clusters detected at high 
significance, as in [2]
• Can also probe internal ICM motion by imaging 
the kSZ effect in clusters to understand the extent 
to which infalling matter is thermalized during 
accretion, which can be compared to predictions 
from hydrodynamical simulations

Next Steps and Future Work
• Include emission from cluster-member galaxies
• Finish work on component separation
• Include atmospheric noise and its removal
• Incorporate hydrodynamically simulated clusters into mock observations

Observing Bands: 
90, 150, 225, 285, 350, 400 GHz

Modeling Contaminants

Various foregrounds and 

backgrounds can affect our ability 

to recover SZ parameters, 

especially those that are spectrally 

degenerate with the signal 

Gravitational lensing of 
backgrounds by the 
cluster: can result in 
deficit of emission near 
the cluster center after 
bright source removal

Dusty star-forming galaxies 
(DSFGs): can subtract the 
brightest ones, but confusion limit 
can dominate noise. Model with 
simulated catalog [4]

Primary CMB fluctuations: fully 
spectrally degenerate with kSZ signal. 
Need to rely on differences in spatial 
scale to remove

Analysis

• Assumptions: M500 = 7.7×1014 M�,  
z = 0.45,  telescope diameter = 30 m. 
Instrument noise is at the confusion 
limit in each band:

Band center [GHz]

Depth [mJy/beam]

90 150 220 270 350 400

24 47 75 94 123 140

• To compare potential instruments, 
observing depths, and analysis 
methods, define figure of merit 
= geometric mean of 68% confidence 
regions to mitigate the impact of 
strong degeneracies (right)

• Attempt to remove bright DSFGs 
(left) and primary CMB

• Use noise-refitting approach to 
quantify uncertainties: generate 
noise realizations, then fit for SZ 
parameters in each case

Novel Features of This Work

• Inclusion of the effect of gravitational lensing on backgrounds

Left: map of observed line-of-sight velocity towards 
galaxy cluster MACS J0717.5+3745 [5]. NW of the 
cluster center is a merging sub-component with a 
spectroscopically measured velocity of ~+3000 km/s 
[6], confirmed in the SZ map at a significance of ~4�. 
Future SZ  measurements will image more typical 
ICM motions at the level of � 500 km/s with 
improved spatial resolution. 

• Full simulation: unlike Fisher matrix forecasts, the machinery we are developing 
can fully capture the complicated degeneracies between SZ parameters 

• A full model of dusty star-forming galaxies (DSFGs) with machinery to remove 
them as optimally as possible, leveraging multi-wavelength data

To accurately predict future observations' ability to constrain the kSZ signal as 
sensitivity improves and systematic effects begin to dominate the uncertainties, this 
work has the following essential features:

• A realistic treatment of:
    • Instrument nonidealities 
    • Imperfect subtraction of atmospheric and unwanted astronomical signals
    • Calibration uncertainties

Preparing for Future kSZ Velocity Measurements Golwala
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ness spectrum towards a massive galaxy
cluster. Dashed red: tSZ; dashed orange:
relativistic corrections for an electron temper-
ature Te = 5 keV; dashed blue: kSZ signal
for vz = 500 km/s; solid black: total SZ sig-
nal, dashed black: radio galaxies. The aver-
age surface brightness for dusty submillimeter
galaxies is given as a solid black line, which
exceeds the vertical scale of the plot at fre-
quencies above 350 GHz and continues to rise.
The locations of the 9 observing bands for the
EPIC-IM satellite concept, most of which are
accessible from the ground, are shown as col-
ored bars.

with the tSZ effect, there are small relativistic corrections to the kSZ signal (e.g., [89, 122, 91, 26]).
An example SZ spectrum, along with other relevant astrophysical signals, is given in Figure 2.

2.2 Current kSZ Measurements

Despite the great promise of kSZ surveys, measurements of the kSZ signal have proven to be a
significant observational challenge, although there has been recent progress. For example, data
from the WMAP and Planck satellites have been used to place upper limits on bulk flows and rms
variations in vz via the kSZ signal [59, 93, 99]. In addition, Hand et al. [48] used a combination of
ACT and Sloan Digital Sky Survey III data to constrain the mean pairwise momentum of clusters
using a kSZ signature that is inconsistent with noise at a confidence level of 99.8%. Furthermore,
upper limits on the kSZ power spectrum measured by the ACT and SPT have been used to inform
cosmological simulations and to place constraints on the reionization history of the universe [107,
142, 43, 34, 33]. In addition to these statistical constraints from large surveys, several attempts
have been made over the past two decades to detect the kSZ signal towards a variety of individual
massive clusters using a range of ground-based receivers (e.g., [55, 13, 60, 143, 77, 83, 121]).

Our recent measurement of the kSZ signal using 140, 268, 600, 850, and 1200 GHz data from
Bolocam and Herschel-SPIRE towards one of the sub-clusters of MACS J0717.5+3745, which was
led by senior personnel Sayers and includes PI Golwala and senior personnel Zemcov as two of the
main coauthors [121], is the most significant kSZ detection to date, with vz = 3450 ± 900 km/s
(see Figure 3). We examine the error budget of this state-of-the art kSZ measurement to better
understand the challenges that will be faced by future efforts.

First, there is significant signal from the cosmic infrared background (CIB) composed mainly
of dusty star-forming galaxies (also known as submillimeter galaxies, or SMGs) in the 268 GHz
data. Although we used high frequency measurements from Herschel-SPIRE to subtract the ≃ 200
brightest galaxies behind MACS J0717.5, the residual noise from the remaining galaxies degrades
σv by ≃ 20%. Noise from primary CMB fluctuations also degrades σv, although by ! 10% for
this high-z cluster. The Bolocam data are calibrated with an absolute uncertainty of 5% and
10% at 140 and 268 GHz, respectively, only a factor of ≃ 2 below the raw kSZ measurement
uncertainties. Deeper data will require better calibration. Finally, our measurement relied on deep
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dusty galaxies in cluster 
field incl. lensing deficit

binary black hole MAXI J1820+070: Much richer behavior in mm/submm 
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with the tSZ effect, there are small relativistic corrections to the kSZ signal (e.g., [89, 122, 91, 26]).
An example SZ spectrum, along with other relevant astrophysical signals, is given in Figure 2.

2.2 Current kSZ Measurements

Despite the great promise of kSZ surveys, measurements of the kSZ signal have proven to be a
significant observational challenge, although there has been recent progress. For example, data
from the WMAP and Planck satellites have been used to place upper limits on bulk flows and rms
variations in vz via the kSZ signal [59, 93, 99]. In addition, Hand et al. [48] used a combination of
ACT and Sloan Digital Sky Survey III data to constrain the mean pairwise momentum of clusters
using a kSZ signature that is inconsistent with noise at a confidence level of 99.8%. Furthermore,
upper limits on the kSZ power spectrum measured by the ACT and SPT have been used to inform
cosmological simulations and to place constraints on the reionization history of the universe [107,
142, 43, 34, 33]. In addition to these statistical constraints from large surveys, several attempts
have been made over the past two decades to detect the kSZ signal towards a variety of individual
massive clusters using a range of ground-based receivers (e.g., [55, 13, 60, 143, 77, 83, 121]).

Our recent measurement of the kSZ signal using 140, 268, 600, 850, and 1200 GHz data from
Bolocam and Herschel-SPIRE towards one of the sub-clusters of MACS J0717.5+3745, which was
led by senior personnel Sayers and includes PI Golwala and senior personnel Zemcov as two of the
main coauthors [121], is the most significant kSZ detection to date, with vz = 3450 ± 900 km/s
(see Figure 3). We examine the error budget of this state-of-the art kSZ measurement to better
understand the challenges that will be faced by future efforts.

First, there is significant signal from the cosmic infrared background (CIB) composed mainly
of dusty star-forming galaxies (also known as submillimeter galaxies, or SMGs) in the 268 GHz
data. Although we used high frequency measurements from Herschel-SPIRE to subtract the ≃ 200
brightest galaxies behind MACS J0717.5, the residual noise from the remaining galaxies degrades
σv by ≃ 20%. Noise from primary CMB fluctuations also degrades σv, although by ! 10% for
this high-z cluster. The Bolocam data are calibrated with an absolute uncertainty of 5% and
10% at 140 and 268 GHz, respectively, only a factor of ≃ 2 below the raw kSZ measurement
uncertainties. Deeper data will require better calibration. Finally, our measurement relied on deep
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degeneracies between SZ parameters, giving roughly 10%, 20%, and 10% constraints on Te, vz, and �, 
respectively—compare to constraints for the same cluster without using a temperature prior:
 
A 5% temperature prior, which may be achievable in the coming decades, would help even more, 
allowing constraints of 10% on bulk ICM velocity and 5% on optical depth in this example. 
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+ Planck CMB
DETF (with � constraints)
+ Planck CMB

Pairwise kSZ surveys are predicted 
to improve constraints on 
cosmological parameters such as the 
growth index � and dark energy 
equation of state parameter w0, as 
they can help break degeneracies in 
other probes such as weak lensing 
and RSD surveys.  Figure adapted 
from [1].

• Cosmic velocity field measurements are a 
competitive way to constrain the growth history of 
the Universe, e.g., the dark energy equation of 
state (EoS) and deviations from general realtivity 
on large scales
• There are a few ways to do this, including surveys 
of redshift-space distortions (RSD) and the pairwise 
kinetic Sunyaev-Zel'dovich (kSZ) effect (e.g., [3])
• This work focuses instead on using kSZ-derived 
velocities of individual clusters detected at high 
significance, as in [2]
• Can also probe internal ICM motion by imaging 
the kSZ effect in clusters to understand the extent 
to which infalling matter is thermalized during 
accretion, which can be compared to predictions 
from hydrodynamical simulations

Next Steps and Future Work
• Include emission from cluster-member galaxies
• Finish work on component separation
• Include atmospheric noise and its removal
• Incorporate hydrodynamically simulated clusters into mock observations

Observing Bands: 
90, 150, 225, 285, 350, 400 GHz

Modeling Contaminants

Various foregrounds and 

backgrounds can affect our ability 

to recover SZ parameters, 

especially those that are spectrally 

degenerate with the signal 

Gravitational lensing of 
backgrounds by the 
cluster: can result in 
deficit of emission near 
the cluster center after 
bright source removal

Dusty star-forming galaxies 
(DSFGs): can subtract the 
brightest ones, but confusion limit 
can dominate noise. Model with 
simulated catalog [4]

Primary CMB fluctuations: fully 
spectrally degenerate with kSZ signal. 
Need to rely on differences in spatial 
scale to remove

Analysis

• Assumptions: M500 = 7.7×1014 M�,  
z = 0.45,  telescope diameter = 30 m. 
Instrument noise is at the confusion 
limit in each band:

Band center [GHz]

Depth [mJy/beam]

90 150 220 270 350 400

24 47 75 94 123 140

• To compare potential instruments, 
observing depths, and analysis 
methods, define figure of merit 
= geometric mean of 68% confidence 
regions to mitigate the impact of 
strong degeneracies (right)

• Attempt to remove bright DSFGs 
(left) and primary CMB

• Use noise-refitting approach to 
quantify uncertainties: generate 
noise realizations, then fit for SZ 
parameters in each case

Novel Features of This Work

• Inclusion of the effect of gravitational lensing on backgrounds

Left: map of observed line-of-sight velocity towards 
galaxy cluster MACS J0717.5+3745 [5]. NW of the 
cluster center is a merging sub-component with a 
spectroscopically measured velocity of ~+3000 km/s 
[6], confirmed in the SZ map at a significance of ~4�. 
Future SZ  measurements will image more typical 
ICM motions at the level of � 500 km/s with 
improved spatial resolution. 

• Full simulation: unlike Fisher matrix forecasts, the machinery we are developing 
can fully capture the complicated degeneracies between SZ parameters 

• A full model of dusty star-forming galaxies (DSFGs) with machinery to remove 
them as optimally as possible, leveraging multi-wavelength data

To accurately predict future observations' ability to constrain the kSZ signal as 
sensitivity improves and systematic effects begin to dominate the uncertainties, this 
work has the following essential features:

• A realistic treatment of:
    • Instrument nonidealities 
    • Imperfect subtraction of atmospheric and unwanted astronomical signals
    • Calibration uncertainties

Preparing for Future kSZ Velocity Measurements Golwala

(a
rb

itr
ar

y 
un

its
) Figure 2: An example surface bright-

ness spectrum towards a massive galaxy
cluster. Dashed red: tSZ; dashed orange:
relativistic corrections for an electron temper-
ature Te = 5 keV; dashed blue: kSZ signal
for vz = 500 km/s; solid black: total SZ sig-
nal, dashed black: radio galaxies. The aver-
age surface brightness for dusty submillimeter
galaxies is given as a solid black line, which
exceeds the vertical scale of the plot at fre-
quencies above 350 GHz and continues to rise.
The locations of the 9 observing bands for the
EPIC-IM satellite concept, most of which are
accessible from the ground, are shown as col-
ored bars.

with the tSZ effect, there are small relativistic corrections to the kSZ signal (e.g., [89, 122, 91, 26]).
An example SZ spectrum, along with other relevant astrophysical signals, is given in Figure 2.

2.2 Current kSZ Measurements

Despite the great promise of kSZ surveys, measurements of the kSZ signal have proven to be a
significant observational challenge, although there has been recent progress. For example, data
from the WMAP and Planck satellites have been used to place upper limits on bulk flows and rms
variations in vz via the kSZ signal [59, 93, 99]. In addition, Hand et al. [48] used a combination of
ACT and Sloan Digital Sky Survey III data to constrain the mean pairwise momentum of clusters
using a kSZ signature that is inconsistent with noise at a confidence level of 99.8%. Furthermore,
upper limits on the kSZ power spectrum measured by the ACT and SPT have been used to inform
cosmological simulations and to place constraints on the reionization history of the universe [107,
142, 43, 34, 33]. In addition to these statistical constraints from large surveys, several attempts
have been made over the past two decades to detect the kSZ signal towards a variety of individual
massive clusters using a range of ground-based receivers (e.g., [55, 13, 60, 143, 77, 83, 121]).

Our recent measurement of the kSZ signal using 140, 268, 600, 850, and 1200 GHz data from
Bolocam and Herschel-SPIRE towards one of the sub-clusters of MACS J0717.5+3745, which was
led by senior personnel Sayers and includes PI Golwala and senior personnel Zemcov as two of the
main coauthors [121], is the most significant kSZ detection to date, with vz = 3450 ± 900 km/s
(see Figure 3). We examine the error budget of this state-of-the art kSZ measurement to better
understand the challenges that will be faced by future efforts.

First, there is significant signal from the cosmic infrared background (CIB) composed mainly
of dusty star-forming galaxies (also known as submillimeter galaxies, or SMGs) in the 268 GHz
data. Although we used high frequency measurements from Herschel-SPIRE to subtract the ≃ 200
brightest galaxies behind MACS J0717.5, the residual noise from the remaining galaxies degrades
σv by ≃ 20%. Noise from primary CMB fluctuations also degrades σv, although by ! 10% for
this high-z cluster. The Bolocam data are calibrated with an absolute uncertainty of 5% and
10% at 140 and 268 GHz, respectively, only a factor of ≃ 2 below the raw kSZ measurement
uncertainties. Deeper data will require better calibration. Finally, our measurement relied on deep
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Al(-Ti)/a-Si:H PPC-KIDs microstrip-coupled to multi-band hierarchical phased-array antennas

4

hν λ/4 AR Coating 

Silicon 
Substrate Slot Antenna

Nb Microstrip
WiringDielectric

(a) (b)
Al KID layer

mm-wave signal 
from antenna

180° phase shifter

Top mm-wave Nb layer Al KID layer

Al inductor

coupling finger

coupling pad

(c) (d)

…
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coupling pad Al inductor
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output to 
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junction
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B4 KID
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output to 
B5 KID
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coupled 
PPC-KID;
Al  Al-Ti  
to access B1 
in process

→

microstrip  
coupling
to a-Si:H 
embedded  
KID

Large a-Si:H PPC to yield 
acceptable TLS noise  
(testing can size reduction)
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Lumped-element mm-wave BPFs

pixel scales with Airy spot 
size via frequency-selective 

hierarchical summing

band
𝜈 

[GHz]
Δ𝜈 

[GHz]

B1 90 
GHz

35 
GHz

B2 150 
GHz

40 
GHz

B3 230 
GHz

35 
GHz

B4 290 
GHz

40 
GHz

B5 345 
GHz

30 
GHz

B6 405 
GHz

25 
GHz
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Two-Scale, Four-Band  
Hierarchical Antenna 
Demonstrator

32x32 slots/feeds for fundamental elements

BPFs on each fundamental element

2x2 summed array

Uses two-layer meta-material silicon AR
Defrance et al (Appl Opt 2018)
Three and four-layer demonstrated

Defrance et al. arXiv:2401.17637 (IEEE TST)
Defrance et al in prep
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Two-Scale, Four-Band Hierarchical Antenna Beams
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Central 
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Two-Scale, Four-Band Hierarchical Antenna Beams

7

Band 2 3 4 5

FWHM [deg] 17.2 22.9 18.1 14.6

Beams match expectations well down to 10 dB
Need to understand modest asymmetries, relatively high sidelobes for B2 and B5

− Beam FWHM vs. frequency matches expected scaling 
with  including summing for B2:  

FWHM(B2) < FWHM(B3), FWHM(B2) ~ FWHM(B4)
λ

Ju
nh

an
 K

im
; M

ar
tin

 e
t 

al
 (

LT
D

-2
0)



NEW-MUSIC/mm Universe 2025  Sunil Golwala/2025-06-25

Three-Scale, Six-Band Hierarchical Antenna Design

Split fundamental antennas into 16x16 quadrants
BPF/BPF/LPF banks must be placed inside array

Gaps comparable to 2-scale
Filter design completed (Sonnet sims)
GDS file ready to go on mask
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Three-Scale, Six-Band Hierarchical Antenna Design

Split fundamental antennas into 16x16 quadrants
BPF/BPF/LPF banks must be placed inside array

Gaps comparable to 2-scale
Filter design completed (Sonnet sims)
GDS file ready to go on mask
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Noise Performance — Under Optical Load

9



NEW-MUSIC/mm Universe 2025  Sunil Golwala/2025-06-25

Lifetime limited by recombination of optically generated qps   linearly related to ⟹ Stot
Nqp

Tload

Noise Performance — Under Optical Load

9



NEW-MUSIC/mm Universe 2025  Sunil Golwala/2025-06-25

Lifetime limited by recombination of optically generated qps   linearly related to ⟹ Stot
Nqp

Tload

Verified with cold (77K), mirror (150K), and  
hot (300K) loads B3 values:

 µeV 
V = 3224 µm3

ηopt = 0.5
ηpb = 0.49
Δ = 210

Includes fitted Texcess Shiling Yu

audio frequency

Noise Performance — Under Optical Load
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Lifetime limited by recombination of optically generated qps   linearly related to ⟹ Stot
Nqp

Tload

Verified with cold (77K), mirror (150K), and  
hot (300K) loads

Enables use of high loading lab data  
to predict total noise under expected  
sky load (B3  K)Tload = 40

B3 values:

 µeV 
V = 3224 µm3

ηopt = 0.5
ηpb = 0.49
Δ = 210

Includes fitted Texcess Shiling Yu

audio frequency
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Lifetime limited by recombination of optically generated qps   linearly related to ⟹ Stot
Nqp

Tload

Verified with cold (77K), mirror (150K), and  
hot (300K) loads

Enables use of high loading lab data  
to predict total noise under expected  
sky load (B3  K)Tload = 40

Key takeaway:  Always enough responsivity  
to be GR or photon-noise-limited:  
 
SGR

Nqp
+ Sγ

Nqp
≫ Samp

Nqp
+ STLS

Nqp

B3 values:

 µeV 
V = 3224 µm3

ηopt = 0.5
ηpb = 0.49
Δ = 210

Includes fitted Texcess Shiling Yu

audio frequency

Noise Performance — Under Optical Load

9

B3 on-sky  
load ~ 40K
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Noise Performance at Low Frequency
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DARK
green, red: scaled from Defrance  
et al 2024 a-Si:H in Nb LC resonators 

yellow, mustard: max 1/√f, 1/f spectra allowed by data Noise Performance at Low Frequency

Noise under dark conditions white down to  0.1 Hz≲
TLS noise subdominant to GR noise
Residual low-frequency noise probably removable electronics noise

10
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DARK
green, red: scaled from Defrance  
et al 2024 a-Si:H in Nb LC resonators 

yellow, mustard: max 1/√f, 1/f spectra allowed by data Noise Performance at Low Frequency

Noise under dark conditions white down to  0.1 Hz≲
TLS noise subdominant to GR noise
Residual low-frequency noise probably removable electronics noise

Noise under optical load should be white down to  0.1 Hz≲
Even for maximal TLS noise scaled from dark data

10

Tload = 180 K

DARK

noise under on-sky load

(extrapolation)

Tload = 180 K (extrapolated)

DARK

yellow, mustard: max 1/√f, 1/f from DARK data 
scaled to Tload = 180 K (shaded: from DARK plot)

green, red: scaled from  
Defrance et al 2024 a-Si:H  
in Nb LC resonators  
to Tload = 180 K
(shaded: from DARK plot)

noise under on-sky load
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Instrument Configuration and Deployment
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Figure 4. The MUSIC optical system. The upper left image shows the entire system, including the 10.4 m primary mirror
of the CSO. The lower left image shows the two folding flat mirrors, the powered elliptical mirror, and powered lens,
with the focal plane in the upper left. The middle image shows a further zoomed in view of the optical system from the
Lyot stop to the focal plane based on the original design described in Ref. 18 (note that it has been rotated 35 degrees
clockwise compared to the left hand images). The right image shows the updated lens design for a two-tile configuration,
and it is scaled to match the middle image. The new design is faster than the original design, with a final focal ratio of
2.19 compared to 3.45, and provides more efficient optical coupling to the reduced two-tile focal plane.

factor of two compared to the original optical design (see Table 2). As described in detail in Ref. 20, MUSIC’s
sensitivity is limited by TLS noise, and therefore the sensitivity is expected to improve as the square root of the
optical efficiency.† In addition, there will be a slight reduction in the optical load on the detectors because less
power will couple to the inside of the Lyot stop. However, the new optical configuration also results in slightly
larger PSFs, particularly in the higher frequency MUSIC observing bands, and point-source sensitivity scales
with the solid angle of the PSF. Quantitative estimates of the expected changes in the sensitivity are give in
Section 3.4.

As noted in Ref. 19, the original optical design for MUSIC suffered from significant optical coupling to large
angles outside the instrument. Measurements made via skydips at the CSO in mid 2012 show spillover fractions
of 15%, 12%, 12%, and 17% at 150, 230, 290, and 350 GHz.‡ Approximately all of this large-angle coupling is
to ambient temperature surfaces, and so the resulting optical load is significant. The cause of the large-angle
coupling is thought to be scattering within the optical system; a time-reverse scattering off of the inside surface
of the Lyot stop can then scatter off of the focal plane surface and directly exit the instrument at wide angles.
The relatively small pixel scale of the original MUSIC configuration results in significant coupling between the
antennas and these inside surfaces of the Lyot stop. For example, in the 150 GHz band the coupling fraction to
the Lyot stop surfaces is approximately 300% relative to the main beam, and therefore the Lyot stop surfaces

†The frequency RMS due to the TLS noise is constant, the power coupled to the MKID is proportional to the optical
efficiency, and the frequency responsivity of the MKID is inversely proportional to the square root of the optical loading.
As a result, in the TLS-noise-limited case, the MKID sensitivity improves as the square root of the optical efficiency.

‡These values are slightly different compared to the spillover values given in Ref. 19, which were based on lab mea-
surements of an engineering-grade device.
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Instrument Configuration and Deployment

Reuse MUSIC cryostat
Optics

External relay optics incl. ellipsoid  
+ internal 4K HDPE lens + Lyot stop

f/2.19 already, reduce to f/1.72
Replace baffling with new, blacker materials

(e.g., Wollack et al 2016,  Xu et al 2021, Inoue et al 2023)

Filtering/AR
Baseline: HDPE lens + Teflon filters (2-layer porex AR)  

+ shaders/zotefoam

Upgrade: mesh filters, silicon lens with metamaterial AR 
(dicing saw and/or DRIE (Defrance et al 2025))

Cryogenics
Extant Chase 3He/3He/4He fridge + Cryomech PT-415
Incorporates 2-layer magnetic shield
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the Lyot stop surfaces is approximately 300% relative to the main beam, and therefore the Lyot stop surfaces
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factor of two compared to the original optical design (see Table 2). As described in detail in Ref. 20, MUSIC’s
sensitivity is limited by TLS noise, and therefore the sensitivity is expected to improve as the square root of the
optical efficiency.† In addition, there will be a slight reduction in the optical load on the detectors because less
power will couple to the inside of the Lyot stop. However, the new optical configuration also results in slightly
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angles outside the instrument. Measurements made via skydips at the CSO in mid 2012 show spillover fractions
of 15%, 12%, 12%, and 17% at 150, 230, 290, and 350 GHz.‡ Approximately all of this large-angle coupling is
to ambient temperature surfaces, and so the resulting optical load is significant. The cause of the large-angle
coupling is thought to be scattering within the optical system; a time-reverse scattering off of the inside surface
of the Lyot stop can then scatter off of the focal plane surface and directly exit the instrument at wide angles.
The relatively small pixel scale of the original MUSIC configuration results in significant coupling between the
antennas and these inside surfaces of the Lyot stop. For example, in the 150 GHz band the coupling fraction to
the Lyot stop surfaces is approximately 300% relative to the main beam, and therefore the Lyot stop surfaces

†The frequency RMS due to the TLS noise is constant, the power coupled to the MKID is proportional to the optical
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Instrument Configuration and Deployment

Reuse MUSIC cryostat
Optics

External relay optics incl. ellipsoid  
+ internal 4K HDPE lens + Lyot stop

f/2.19 already, reduce to f/1.72
Replace baffling with new, blacker materials

(e.g., Wollack et al 2016,  Xu et al 2021, Inoue et al 2023)

Filtering/AR
Baseline: HDPE lens + Teflon filters (2-layer porex AR)  

+ shaders/zotefoam

Upgrade: mesh filters, silicon lens with metamaterial AR 
(dicing saw and/or DRIE (Defrance et al 2025))

Cryogenics
Extant Chase 3He/3He/4He fridge + Cryomech PT-415
Incorporates 2-layer magnetic shield

Readout
RFSoC system; e.g. ASU development for CCATp

Deploy to Leighton Chajantor Telescope (2027 first light)
Move of CSO telescope to Chajnantor Plateau

telescope packed, working on agreements and site infrastructure

1/4 FPU initially (16 x B1/B2, 64x B3/B4, 256 x B5/B6) for time-domain astronomy
2024 NSF ATI proposal: excellent reviews 😀, no funding 😢😤🤯😱😬

Upgrade to full FPU for deep survey fields after science demonstration 
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Lyot stop

Focal plane

Lens

Original design Two-tile design

Focal plane

Lens

Lyot Stop

Elliptical 
mirror

Flat mirrors

Primary
mirror

Secondary
mirror

Figure 4. The MUSIC optical system. The upper left image shows the entire system, including the 10.4 m primary mirror
of the CSO. The lower left image shows the two folding flat mirrors, the powered elliptical mirror, and powered lens,
with the focal plane in the upper left. The middle image shows a further zoomed in view of the optical system from the
Lyot stop to the focal plane based on the original design described in Ref. 18 (note that it has been rotated 35 degrees
clockwise compared to the left hand images). The right image shows the updated lens design for a two-tile configuration,
and it is scaled to match the middle image. The new design is faster than the original design, with a final focal ratio of
2.19 compared to 3.45, and provides more efficient optical coupling to the reduced two-tile focal plane.

factor of two compared to the original optical design (see Table 2). As described in detail in Ref. 20, MUSIC’s
sensitivity is limited by TLS noise, and therefore the sensitivity is expected to improve as the square root of the
optical efficiency.† In addition, there will be a slight reduction in the optical load on the detectors because less
power will couple to the inside of the Lyot stop. However, the new optical configuration also results in slightly
larger PSFs, particularly in the higher frequency MUSIC observing bands, and point-source sensitivity scales
with the solid angle of the PSF. Quantitative estimates of the expected changes in the sensitivity are give in
Section 3.4.

As noted in Ref. 19, the original optical design for MUSIC suffered from significant optical coupling to large
angles outside the instrument. Measurements made via skydips at the CSO in mid 2012 show spillover fractions
of 15%, 12%, 12%, and 17% at 150, 230, 290, and 350 GHz.‡ Approximately all of this large-angle coupling is
to ambient temperature surfaces, and so the resulting optical load is significant. The cause of the large-angle
coupling is thought to be scattering within the optical system; a time-reverse scattering off of the inside surface
of the Lyot stop can then scatter off of the focal plane surface and directly exit the instrument at wide angles.
The relatively small pixel scale of the original MUSIC configuration results in significant coupling between the
antennas and these inside surfaces of the Lyot stop. For example, in the 150 GHz band the coupling fraction to
the Lyot stop surfaces is approximately 300% relative to the main beam, and therefore the Lyot stop surfaces

†The frequency RMS due to the TLS noise is constant, the power coupled to the MKID is proportional to the optical
efficiency, and the frequency responsivity of the MKID is inversely proportional to the square root of the optical loading.
As a result, in the TLS-noise-limited case, the MKID sensitivity improves as the square root of the optical efficiency.

‡These values are slightly different compared to the spillover values given in Ref. 19, which were based on lab mea-
surements of an engineering-grade device.

Lyot stop and 
mesh filter

4K lens

FPU

magnetic 
shield,
cold  

optics

dewar and 
relay optics
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Conclusions and Outlook

Key demonstrations in hand for new mm/submm 
focal plane architecture for NEW-MUSIC
Multi-band hierarchical antennas incl. bandpass filters
✓ Two-scale beams incl. hierarchical summing

Three-scale design ready for fab

✓ Bandpasses for four bands
Six-band design ready for fab
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Key demonstrations in hand for new mm/submm 
focal plane architecture for NEW-MUSIC
Multi-band hierarchical antennas incl. bandpass filters
✓ Two-scale beams incl. hierarchical summing

Three-scale design ready for fab

✓ Bandpasses for four bands
Six-band design ready for fab

Microstrip-coupled Al/a-Si:H PPC KIDs
✓ Optical Efficiency (incl. 2-layer AR) (see backup)

Improve dewar windows at high frequency, 4-layer AR

✓ Yield — good start! (see backup)
Need more data; develop C trimming

✓ direct absorption (see backup)
✓ TLS noise of a-Si:H PPCs low enough

Subdominant down to ~0.1 Hz, probably lower

✓ GR-noise-limited down to  0.1 Hz dark≲
✓ Photon/GR-noise-limited under optical load

Need to test to low frequency under relevant loads (40K-150K)

✓ Al-Ti about to be tested optically (see backup)
Dark data yield 170 µeV = 82 GHz: just right!
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Focal plane can be integrated with existing 
MUSIC cryostat and optics

Plan to deploy 1/4 NEW-MUSIC to LCT in 2027
Funding-permitting…
Time domain science immediately
Cluster science early on
Full FPU will enable deep survey fields
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3 minute integration on ~FoV-scale field (7’ initially; 14’ full focal plane)

band [GHz] 90 150 220 270 350 405

rms depth [mJy] 1 2 2 3 4.5 9

5σ detection limit [mJy] 5 11 10.5 19 22 47
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Next technical development:  
Filterbank spectrometer with a-Si:H resonant 
filters and PPCs
R = 300 and R > 104 designs on next mask!
Small enough to put KIDs in focal plane!

12

3 minute integration on ~FoV-scale field (7’ initially; 14’ full focal plane)

band [GHz] 90 150 220 270 350 405

rms depth [mJy] 1 2 2 3 4.5 9

5σ detection limit [mJy] 5 11 10.5 19 22 47



NEW-MUSIC/mm Universe 2025  Sunil Golwala/2025-06-25

Conclusions and Outlook

Key demonstrations in hand for new mm/submm 
focal plane architecture for NEW-MUSIC
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Improve dewar windows at high frequency, 4-layer AR
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Subdominant down to ~0.1 Hz, probably lower

✓ GR-noise-limited down to  0.1 Hz dark≲
✓ Photon/GR-noise-limited under optical load

Need to test to low frequency under relevant loads (40K-150K)

✓ Al-Ti about to be tested optically (see backup)
Dark data yield 170 µeV = 82 GHz: just right!

Focal plane can be integrated with existing 
MUSIC cryostat and optics

Plan to deploy 1/4 NEW-MUSIC to LCT in 2027
Funding-permitting…
Time domain science immediately
Cluster science early on
Full FPU will enable deep survey fields

Next technical development:  
Filterbank spectrometer with a-Si:H resonant 
filters and PPCs
R = 300 and R > 104 designs on next mask!
Small enough to put KIDs in focal plane!

Promising and transformative technology for a future 
30m-50m mm/submm telescope!
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3 minute integration on ~FoV-scale field (7’ initially; 14’ full focal plane)
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Bandpasses and  
Optical Efficiency
Two-scale antenna + four bands 

+ µstrip-coupled PPC-KIDs
Bandpasses largely meet 

expectations!
Filters have been tweaked to better 

match atmospheric windows
Need to understand ripple 

(deeper than expected)

Optical efficiency reasonable!
Total optical efficiency =  

0.65, 0.49, 0.45, 0.41 
(Guruswamy et al. 2014)

Dewar window/filters not optimal 
for higher bands 
UHMWPE, Teflon
Two-layer Si AR for 200-300 GHz
Unlikely to be loss in microstripline

Yield: 49/56 and 47/56. Good start!

ηopt ηpb
ηpb =

14
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Ti-Al for 90 GHz (B1)

15

3/35 KIDs not  
in histogram

νmin = 2Δ/h GHz

Many groups 
pursuing 
Ti-Al bi-  
and trilayers  
for 90 GHz  
KIDs

3-5 nm of Ti below 
and above 100 nm Al 
seems to provide 
almost exactly the 
right gap parameter 
for B1!

Qi ~ 8-10k at 240 mK, 
so may need to limit  
to B1 KIDs to 
ensure high Nmux

very good 
Mattis-
Bardeen fits 
using 
numerical 
integration
(not analytic
approx.
formulae)

Typical thin-film ∆Al

Ti-Al
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Wideband Hierarchical Antennas

Same focal plane area can be used for multiple spectral bands
Pixel size scales with wavelength to ensure good matching to Airy function

Quadrant 1
(n slots
X n feeds)

Quadrant 2

Quadrant 4Quadrant 3

Band 6

Band 5

Band 4

Bands 1-3

Band 6

Band 5

Band 4

Bands 1-3

Band 6

Band 5

Band 4

Bands 1-3

Band 6

Band 5

Band 4

Bands 1-3

Band 1

Band 2

Band 3
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P. Day
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Wideband Hierarchical Antennas

17

slot, tap spacing: 104 µm
slot width: 18 µm
feed impedance: 54 Ω (1 µm line)
tuning capacitor: -40i Ω at 100 GHz
dielectric: 1070 nm a-Si:H
backshort distance: 150 µm
32x32 array, 3.3 mm on a side

design has 
intrinsically 
large bandwidth, 
almost ~7.5:1! 
(slight tweaking 
needed) P. Day

P. Day

10 100 1000

Frequency [GHz]

E
ffi
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Non-Antenna Response 
(Direct Absorption)
Key design goal:  

mitigate direct absorption by KID
Inductor < 1 µm from ground plane
Parallel-plate capacitor with

Middle plate integral to ground plane 
(not an island — use virtual ground)

Top plates < 1 µm from ground plane

Microstrip feedline: no CPW gaps in 
ground plane

Constraints on direct absorption:
Allow all resonators three contributions

direct optical response 

heating of wafer 

temperature calibration offset 

Results:
 in spite of broader bandwidth of darks (~120-420 GHz)

 varies with  but not  , depends on resonator, larger for darks  
 probably a model systematic (soaking up imperfect M-B fit), not real tile heating

ηopt

Ptile = g(Tn
tile − Tn

bath)
Toffset

Pdark
opt /Plight

opt ≲ 1 %
Ttile − Tbath Tbath Tload

⟹
18

a)

b)

B2 B3 B4
B5

dark detectorsB2 anomalous KID

B2
B3

B4
B5

good darks

all but B2 
have test 
structures
w/ 50-50 
splitters

uncircled have 
anomalous  

behavior

Jean-Marc Martin

49/56 resonances

47/56 resonances 
4 anomalous
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Non-Antenna Response 
(Direct Absorption)
Key design goal:  

mitigate direct absorption by KID
Inductor < 1 µm from ground plane
Parallel-plate capacitor with

Middle plate integral to ground plane 
(not an island — use virtual ground)

Top plates < 1 µm from ground plane

Microstrip feedline: no CPW gaps in 
ground plane

Can also test for tile heating using 
Nb LC resonators with a-Si:H PPCs
Mainly intended to measure RF loss
Also act as differential thermometers!

 between hot, mirror, cold  

Confirms tile heating implied by  
hot/mirror/cold/dark M-B fits is not real

δf/f ≲ 10−7

⟹ ΔT ≲ 3 mK

19

two other Nb LC resonators 
show same behavior

fr = 952.06 MHz

d ( δf
f )

dT
≈ 4 × 10-8/mK
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Noise Performance 
— Dark
GR noise visible well above  

amplifier noise 

ind. of  as expected  

for -limited behavior

 

no correction for ,  
but also no  uncertainty

 

 

(Guruswamy et al. 2014)

 mK has ,   
comparable to behavior  
under telescope optical load 

 realistic GR noise contribution

Need to validate with AlMn (in process)

SNqp
∼ T

R
SNqp

∝ 4 τqp Nqp

NEPqp =
Δ
τqp

S1/2
Nqp

ηpb
ηpb

NEPopt = NEPqp/ηpb
≈ 1.5 − 2.5 NEPqp

ηpb = 0.41 − 0.65

T = 310 − 330 τqp Nqp

⟹

20

250 mK 350 mK

frequency

dissipation

frequency

dissipation

 = 250 270 290 310 330 350 mK 
94, 65, 44, 27, 21, 22 µs

T
τqp =

 = 250 270 290 310 330 350 mK 
94, 65, 44, 27, 21, 22 µs

T
τqp =

Shiling Yu, Fabien Defrance
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Noise Performance — TLS Noise Level

21

TLS noise for a-Si:H/Nb LC resonators, 98 to 78 dBm every 4 dBm− −

Total noise, a-Si:H/Al KID, dark, 310 mK 
(nqp ~ that expected under on-sky load ~ 40K, but no photon noise)

Total noise, a-Si:H/Al KID, Tload = 77K+150K 
GR + photon noise included

Shiling Yu, Sam Condon

Note different 
frequency axes 

have been aligned!

Conclusions: 
• TLS noise likely small compared 

to GR + photon noise
• Need to confirm via explicit 

measurement down to 0.1-1 Hz
• If confirmed, can reduce 

capacitor area

Defrance, Beyer et al (LTD-19; in prep)

TLS noise, scaled

TLS noise, scaled
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Noise Performance —  
Under Optical Load — 
Backup
Can show, for  

recombination-limited  
qp lifetime:  
linear relationship  
between  and 

Dark data measures first term (independent of !) and thus .

Offset and coefficient measure different combinations of  ,  ,  ; can measure or check any two.

Dependence on R?

Stot
Nqp

Tload

Tbath R
Δ ηpb ηopt

NEPqp =
2 R Nqp

V
Δ [Stot

Nqp]
1/2

= 2 Δ
R N2

qp

V
1 + (

Nth
qp

Nqp )
2

+ ηpb ( h ν
2 Δ

+
ηopt kB Tload

2 Δ )
1/2

= 2 Δ ηpb Popt 1 + (
Nth

qp

Nqp )
2

+ ηpb ( h ν
2 Δ

+
ηopt kB Tload

2 Δ )
1/2
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second phase, which we call the decline phase, begins around �t ⇡ 20 days. During

this period, the X-ray emission exhibits an overall steep decline, but also exhibits

strong variation (by factors of up to 10) on shorter timescales (see also Sandoval et

al. 2018; Kuin et al. 2018; Perley et al. 2018).

Figure 1. Radio (top panel) and X-ray (bottom panel) light curves of AT2018cow, with a
timeline of the evolution of the UVOIR spectra (based on Perley et al. 2018) shown above.
There were four SMA observations with no frequency tunings in the ranges shown. For
these, we took the closest value to 231.5GHz (243.3GHz for Days 9, 10, and 11; 218GHz
for Day 19) and scaled them to 231.5GHz assuming a spectral index F⌫ / ⌫�1. We scaled
all SMA fluxes so that the reference quasar 1635+381 would have the value of its mean
flux at that frequency. The uncertainties shown on the SMA data represent a combination
of formal uncertainties and 15% systematic uncertainties, which is a conservative estimate.
Non-detections are represented as a 3-� upper limit (horizontal bar) and a vertical arrow
down to the measurement. The upper limit measurement at 350.1GHz is �0.32, below
the limit of the panel. The error bars shown on the ATCA data are a combination of
formal uncertainties and an estimated 10% systematic uncertainty. The ATCA 34GHz
measurements rise as t2, shown as a dotted line. The full set of SMA light curves for all
frequency tunings are shown in Appendix B. The crosses on the top demarcate the epochs
with spectra shown in Figure 3. The last two NuSTAR epochs have a non-detection in the
highest-frequency band (40–80 keV).

AT2018cow: Fast Blue Optical Transient, well-studied in mm/submm

Strong sync from mildly relativistic shock 
wave in dense CSM, ne ~105 cm-3

 yields shock parameters:  ,  field,  
energy, speed, density of medium, 𝜈cooling

Very visible w/NEW-MUSIC! 
10-20 min to reach same depth/SNR in 6 bands
Sync peak location unclear at t < 20 days, but 

perhaps > 300 GHz until day 6-7
mm emission self-trigger for 650/850 GHz 

search for non-thermal components
hints of NIR excess seen

νp Router B

23

15

Figure 3. Spectrum of AT2018cow at three epochs. In the top panel, we plot the Day
10 data as presented in Table 1. In the middle panel, we plot the ATCA data from Day
13 and the SMA and ALMA data from Day 14. In the bottom panel, we plot the ALMA
data from Day 22 and interpolate the SMA data between Day 20 and Day 24 at 215.5GHz
and 231.5GHz. We also show the Band 9 measurement from Day 24 as a star. We also
interpolate the ATCA data at 34GHz, since it varies smoothly (see Fig 1). Uncertainties
are smaller than the size of the points. The ATCA data is consistent with a self-absorbed
spectral index (F⌫ / ⌫5/2) with an excess at lower frequencies. The peak frequency is
resolved on Day 22 with ALMA observations at Band 3 (see inset). To measure the optically
thin spectral index, we performed a least squares fit in log space. To estimate the uncertainty
on the spectral index, we performed a Monte Carlo analysis, sampling 104 times to measure
the standard deviation of the resulting spectral index. On Day 10, we used an uncertainty
of 15% for each SMA measurement. On Days 14 and 22, we used 10% uncertainty for each
ALMA measurement and 20% for each SMA measurement (to take into account the much
longer length of the SMA tracks).

and qe is the unit charge, B is the magnetic field strength, me is the electron mass,

and c is the speed of light.

Next, there is the cooling frequency ⌫c ⌘ ⌫(�c), the frequency below which electrons

have lost the equivalent of their total energies to radiation via cooling. At �t >

tens of mJy, 1 mJy rms, 30 min track
tens of mJy, 2 mJy rms, 2 hr track

extrapolates to  
12 mJy at 850 GHz 

10-20 min 2-5 hrs

cm/mm/submm
SMA and ATCA

X-ray
Swift/XRT and NuSTAR

NEW-MUSIC depth in 12 min integration
band [GHz] 100 150 220 270 350 405

depth [mJy rms] 0.5 1 1 1.5 2 4
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Figure 6. Luminosity evolution for di↵erent transients, measured at high frequencies
(⌫ > 90GHz; left panel) and low frequencies (⌫ < 10GHz; right panel). Classes are GRBs
(orange open circles; Sheth et al. 2003; Berger et al. 2003; Perley et al. 2014), TDEs (purple
open squares; Zauderer et al. 2011; Berger et al. 2012; Zauderer et al. 2013; Alexander et al.
2016; Eftekhari et al. 2018), non-relativistic supernovae (light blue filled circles; Weiler et
al. 1986, 2007; Soderberg et al. 2005, 2006; Salas et al. 2013; Horesh et al. 2013; Krauss et
al. 2012), and relativistic supernovae (red filled squares; Kulkarni et al. 1998; Soderberg et
al. 2010). Thus there are a number of transients measured with radio telescopes (relativistic
SN 2009bb, energetic supernovae 2003L, 2003bg, and 2007bg) that could have been bright
millimeter transients but were not observed at high frequencies.

4.3. Novel features of the synchrotron model parameters

The ordering of the break frequencies, ⌫↵ < ⌫m < ⌫c < ⌫a, is an unusual regime for

long-wavelength observations. For a relativistic shock (GRBs), the typical orderings

are ⌫a < ⌫c < ⌫m (the fast cooling regime) and ⌫a < ⌫m < ⌫c (the slow cooling regime;

Sari et al. 1998). For non-relativistic shocks, the ordering in most cases seems to be

⌫a < ⌫m < ⌫c at measured frequencies above 1.4GHz, but can also be ⌫m < ⌫a < ⌫c; ⌫c
is typically considered unimportant for long-wavelength observations (Nakar & Piran

2011).

The low cooling frequency is a consequence of a large magnetic field strength,

⌫c / B�3 (reduced even further for t < 10d by Compton cooling on the UVOIR

flux, which dominates over synchrotron cooling). This in turn presumably arises

from the injection of a large amount of energy into a small volume of material, con-

?

Implications for Transients 
with LCT

Early comparisons to objects  
with similar radio luminosities  
(luminous SNe, luminous TDEs) 
suggest that they too might  
have had bright, early  
mm/submm emission

Rates estimates are promising
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NEW-MUSIC/LCT NSF ATI/Golwala

1 Scientific Motivation: Planned NEW-MUSIC Targets

The instrument parameters that inform this discussion are provided in Table 2.

1.1 The Sub/mm Time-Domain Frontier

The time-domain sky — one of the most prominent themes of Astro2020 [1] — is only just beginning
to be explored at submillimeter/millimeter (“sub/mm”) wavelengths; the initial results are full of
surprises. The sub/mm traces some of the most energetic phenomena, penetrates deep into some of
the densest environments, accesses the earliest times and shortest-timescale variability, and probes
the highest magnetic field environments. NEW-MUSIC on LCT will have transformative impact via
simultaneous observations in six spectral bands from 80 to 420 GHz, covering the critical spectral
range where transient and time-domain synchrotron emission shows peaks and spectral breaks and
where dust thermal emission is accessible in most weather conditions at an excellent site. NEW-
MUSIC/LCT will build on enormous investments in O/IR time-domain surveys and the growing
transient alert capacity of mm-wave CMB surveys.

1.1.1 Explosive Stellar Death

with SNe in nominal place, 

Relations between L_nu, L, and E_K, also rates.  
FBOTs: E = 4e7 x L = 4e7 x 1e11 x L_nu (nu = 100 GHz)

Eftekhari gives L = 1e41 erg/sec
Ho gives L_nu = 1e30 erg/sec/Hz

      Eftekhari gives E = 4e48 erg/sec
Eftekhari gives R = 70/Gpc^3/yr
Ho gives R = 100/Gpc^3/yr

LGRBs: E_K = (1e9-1e6) x L = 1e9 x 1e12 x L_nu
Note that L_nu and L are “observed” values and includes a range for 

viewing angle while E_K is fixced
      Eftekhari gives L_nu = 1e29-1e32 erg/sec/Hz depending theta_jet = 0.2 
rad and theta_obs varying from 0.8 to 0 rad

cgs to Gpc 3.086E+27fsky 0.40

100 GHz rms [mJy] 1

5E-26

Luminosity Horizon Rate
Class [1027 erg/s/Hz] [Gpc] [/yr/Gpc3] [/yr]
SNe 1 0.013 100,000 0.4
Interacting SNe 100 0.130 10,000 37
FBOT 1,000 0.410 100 12
LLGRB 100 0.130 1,000 3.7
LGRB θobs < 0.2 100,000 4.090 0.3 34
LGRB 0.2 < θobs < 0.4 30,000 2.240 1 23
LGRB 0.4 < θobs < 0.8 1,000 0.410 5 0.5
relativistic TDEs 20,000 1.800 0.03 0.3

100 GHz 5  [cgs]�

cgs to Mpc 3.086E+24 fsky 0.40

100 GHz rms [mJy] 1

5E-26

Luminosity Horizon Rate
Class [erg/s/Hz] [Mpc] [/yr/Mpc3] [/yr]

SNe 1E+27 13 1E-04 0.4
Interacting SNe 1E+29 130 1E-05 37
LGRB 1E+30 410 6E-10 0.07
TDE 1E+32 4100 1E-11 1.2
LLGRB 1E+29 130 1E-06 3.7
FBOT 1E+30 410 1E-07 12

100 GHz 5  [cgs]�

Table 1: Estimated luminosities, detection horizons,
and volumetric and detection rates for various classes
of exotic explosions, assuming a 5� flux limit of 5 mJy
at 90 GHz in a 3-minute LCT integration (see Table 2).
Simultaneous multi-band observations would yield 5�
flux limits at 150, 230, 290, 345, and 405 GHz of 11,
10.5, 19, 22, and 47 mJy. The rate of SNe is given as a
reference point for luminosities and rates, not because
they are a viable science target. SNe, interacting SNe
rates from [2], and we assume LLGRBs occur at 1%
of the SNe rate. FBOT, LGRB, and TDE rates and
luminosities from [3]. For jetted LGRBs and TDEs,
the luminosity is not intrinsic but observed.

The Nearby Universe

Death omens Core-collapse supernovae
(CCSNe) explode in a circumstellar medium
(CSM) sculpted by mass loss during the star’s
life. There is increasing evidence that many, or
perhaps most, massive stars undergo intense erup-
tive mass loss within days to years of core collapse,
producing a dense CSM. However, emission from
supernova-driven shocks in dense CSM (“Interact-
ing SNe”) is absorbed at early times (when the ex-
plosion is still close to the source; days to weeks)
except in the sub/mm. NEW-MUSIC’s simulta-
neous six-band observations with mJy sensitivity
(Table 1) will track the explosion size and the
structure of the surrounding medium (CSM den-
sity and magnetic pressure) via the time evolution
of the synchrotron self-absorption (or free-free ab-
sorption) peak. A program to study nearby (.100
Mpc) events would comprehensively assess pre-supernova mass-loss rates across the zoo of CCSNe.
Insight into the CSM structure may also shed light on the nature of the progenitors.

Relativistic outflows into the CSM? Fast blue optical transients (FBOTs) are a recently
discovered class of transients, remarkable because of their blue colors and short (⇡ 10 day) du-
rations. Many models have been put forth (see, e.g., [4] for a review); one is that they are a
particularly rare (0.1%) class of interacting SNe, interesting because the newly formed compact ob-
ject launches a mildly relativistic outflow into the CSM that enhances the luminosity by 100 times.
Seven have been discovered to-date, informing the rate estimate. NEW-MUSIC/LCT should detect
of order ten FBOTs per year (Table 1) to substantially enhance the sample with sub/mm SED
well-sampled in time, which will reveal the dynamics of the outflow and the explosion environment
and directly probe the particle acceleration process in relativistic shocks.

Low-luminosity gamma-ray bursts LLGRBs are thought to be cases of the fairly common
broad-line SNe Ic that emit gamma-rays like gamma-ray bursts (discussed below) but with lower

Rates for 5  = 5 mJy at 90 GHz (3-min integration) (Anna Ho)σ

band [GHz] 100 150 220 270 350 405
depth [mJy rms] 0.5 1 1 1.5 2 4
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mission under consideration by ESA as follow-on to Planck.  In addition, the eROSITA satellite, 
scheduled for launch in 2017, will bring the return of all-sky X-ray observations and combined 
SZ-X-ray studies of this kind, which are currently limited to data from the 1990-era ROSAT 
survey.  Efficient modeling will enable us to study galaxy samples divided by mass and redshift, 
and by indicators of star formation and AGN activity; of quasars and radio galaxies at high 
redshifts; of groups divided by central galaxy type; and of massive clusters.  
 
 

 
Figure 1.  Left: SZ signal as a function of stellar mass for 80,000 central halo galaxies in the 
SDSS NYU VAG Catalog (Planck Collaboration Int. XI 2013)  Right:  Dust signal and mass (top 
panel) and SZ signal (bottom panel) extracted by Planck for nearly 300,000 quasars from the 
SDSS BOSS catalog (Verdier et al. 2016). 
 

A comprehensive theoretical foundation for efficient modeling of the galaxy-CGM connection 
with these rich datasets, however, does not yet exist.  It is true that hydrodynamical simulations 
are making significant strides (e.g., Crain et al. 2011; Liang et al. 2015), the most pertinent in our 
present context being the FIRE project’s (Hopkins et al. 2014) study of the scaling relation 
shown in left-hand panel of Figure 1, and its X-ray counterpart (Anderson et al. 2015) by van de 
Voort et al. (2016).  Hydrodynamical simulations clearly demonstrate that feedback affects CGM 
properties, but their computational cost limits their ability to explore many different 
scenarios.  In addition, the zoom-in technique used to simulate sub-galactic scales, e.g., by FIRE, 
forces a prior selection of model galaxies based on their dark matter halo properties, rather than 
on their final galaxy properties, as is done in the observations. 

With greater computational cost effectiveness, SAMs can explore a wider range of 
scenarios.  They are not often used to explore the properties of the CGM, however, and do 
nevertheless require significant computing resources to cover large regions of parameter 
space.  It is for this reason that we propose to use the Galacticus SAM to guide construction 
of an even more rapid computational tool to describe the galaxy-CGM connection.  This 
tool will be based on a halo model description (Cooray & Sheth 2002).  The halo model has 
proven highly useful for modeling properties of the galaxy population, like luminosity and stellar 
mass functions, and two-point correlation functions.  We aim to extend it and its usefulness to 
the CGM.  
 
State-of the-art galaxy formation from SAM  
Galaxy formation is typically modeled as a two stage process involving, firstly, the hierarchical 
build-up of collisionless dark matter structures, followed secondly by the cooling and collapse of 
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The Galaxy-CGM-IGM Connection and the Inefficiency of Star 
Formation in Galaxies: Calorimetry of the Hot CGM via Thermal SZ

Thermal SZ (tSZ) measures  
n k T = thermal energy density  
→ integrated tSZ is calorimeter of 
energy in the hot CGM

Self-similarity expected to hold for masses 
at which all baryons can be retained: 
closed box, scale-invariant
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Appendix A
Computing tSZ Signal Using Particle Data of Cosmological

Simulations

Using particle data of the cosmological simulations, we
calculate a total Comptonization parameter within a certain
radius by computing each particle’s tSZ signal strength. First,
we calculate the electron number density
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where μe is the mean molecular weight per free electron in
units of hydrogen mass (i.e., amu). Then, we integrate the

signals for all the gas particles within the radius, for example,
R500,
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2
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The TNG data set gives the internal energy of each gas cell,
and we need to convert it to a gas temperature. The mean
molecular weight μ there is defined as the average mass per
particle:
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where nj and mj are the number density of atoms and the
corresponding mass, respectively. If we consider hydrogen (nH,
mp), helium (nHe, 4mp), and all the other metals (nz, mz) with an
approximation mz∼ 4mp, the total gas-mass density
ρgas= nHmp+ nHe(4mp)+ nzmz and
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where xe= ne/nH is the electron abundance.
X= (nHmp)/ρgas= 0.76. (The EAGLE simulation does not
provide electron abundance, so we assume fully ionized gas
following the approach of Lim et al. 2018 for the simulation.)
Then, the (specific) internal energy of the cell
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where the adiabatic index γ= 5/3, and the gas temperature of
the cell is
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In Section 3.4, where we compare the radial tSZ profiles of
∼1012Me halos, we present the thermal pressure profiles as

Figure 7. The tSZ flux integrated out to R500 (left) and 5R500 (right) for the galaxy samples in EAGLE Ref-L0050N0752 (blue crosses) and NoAGN-L0050N0752
(orange crosses) simulations. The PCXI best-fit scaling relation is shown as a dotted line. The shaded green region shows the mass range of the galaxy samples used in
the PCXI analysis.

Figure 8. Y YR R5 500 500 of the EAGLE galaxies in Ref-L0050N0752 and
NoAGN-L0050N0752. The dashed line shows the conversion factor of 1.796
for the UPP. The blue (Ref-L0050N0752) and orange (NoAGN-L0050N0752)
dots connected by the solid lines indicate the median value of the ratios in each
M500 mass bin. The mass bins are separated by 0.75 dex between 1011.0 Me and
1013.25 Me.
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NoAGN-L0050N0752. The dashed line shows the conversion factor of 1.796
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dots connected by the solid lines indicate the median value of the ratios in each
M500 mass bin. The mass bins are separated by 0.75 dex between 1011.0 Me and
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The Galaxy-CGM-IGM Connection and the Inefficiency of Star 
Formation in Galaxies: Calorimetry of the Hot CGM via Thermal SZ

Thermal SZ (tSZ) measures  
n k T = thermal energy density  
→ integrated tSZ is calorimeter of 
energy in the hot CGM

Self-similarity expected to hold for masses 
at which all baryons can be retained: 
closed box, scale-invariant

Lower mass galaxies: simulations say 
winds drive baryons out of near CGM
Maybe a contributor to SF inefficiency:  

winds heat CGM at high M,  
flow out to high R at lower M
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∼1012Me halos, we present the thermal pressure profiles as

Figure 7. The tSZ flux integrated out to R500 (left) and 5R500 (right) for the galaxy samples in EAGLE Ref-L0050N0752 (blue crosses) and NoAGN-L0050N0752
(orange crosses) simulations. The PCXI best-fit scaling relation is shown as a dotted line. The shaded green region shows the mass range of the galaxy samples used in
the PCXI analysis.
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NoAGN-L0050N0752. The dashed line shows the conversion factor of 1.796
for the UPP. The blue (Ref-L0050N0752) and orange (NoAGN-L0050N0752)
dots connected by the solid lines indicate the median value of the ratios in each
M500 mass bin. The mass bins are separated by 0.75 dex between 1011.0 Me and
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mission under consideration by ESA as follow-on to Planck.  In addition, the eROSITA satellite, 
scheduled for launch in 2017, will bring the return of all-sky X-ray observations and combined 
SZ-X-ray studies of this kind, which are currently limited to data from the 1990-era ROSAT 
survey.  Efficient modeling will enable us to study galaxy samples divided by mass and redshift, 
and by indicators of star formation and AGN activity; of quasars and radio galaxies at high 
redshifts; of groups divided by central galaxy type; and of massive clusters.  
 
 

 
Figure 1.  Left: SZ signal as a function of stellar mass for 80,000 central halo galaxies in the 
SDSS NYU VAG Catalog (Planck Collaboration Int. XI 2013)  Right:  Dust signal and mass (top 
panel) and SZ signal (bottom panel) extracted by Planck for nearly 300,000 quasars from the 
SDSS BOSS catalog (Verdier et al. 2016). 
 

A comprehensive theoretical foundation for efficient modeling of the galaxy-CGM connection 
with these rich datasets, however, does not yet exist.  It is true that hydrodynamical simulations 
are making significant strides (e.g., Crain et al. 2011; Liang et al. 2015), the most pertinent in our 
present context being the FIRE project’s (Hopkins et al. 2014) study of the scaling relation 
shown in left-hand panel of Figure 1, and its X-ray counterpart (Anderson et al. 2015) by van de 
Voort et al. (2016).  Hydrodynamical simulations clearly demonstrate that feedback affects CGM 
properties, but their computational cost limits their ability to explore many different 
scenarios.  In addition, the zoom-in technique used to simulate sub-galactic scales, e.g., by FIRE, 
forces a prior selection of model galaxies based on their dark matter halo properties, rather than 
on their final galaxy properties, as is done in the observations. 

With greater computational cost effectiveness, SAMs can explore a wider range of 
scenarios.  They are not often used to explore the properties of the CGM, however, and do 
nevertheless require significant computing resources to cover large regions of parameter 
space.  It is for this reason that we propose to use the Galacticus SAM to guide construction 
of an even more rapid computational tool to describe the galaxy-CGM connection.  This 
tool will be based on a halo model description (Cooray & Sheth 2002).  The halo model has 
proven highly useful for modeling properties of the galaxy population, like luminosity and stellar 
mass functions, and two-point correlation functions.  We aim to extend it and its usefulness to 
the CGM.  
 
State-of the-art galaxy formation from SAM  
Galaxy formation is typically modeled as a two stage process involving, firstly, the hierarchical 
build-up of collisionless dark matter structures, followed secondly by the cooling and collapse of 
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Appendix A
Computing tSZ Signal Using Particle Data of Cosmological

Simulations

Using particle data of the cosmological simulations, we
calculate a total Comptonization parameter within a certain
radius by computing each particle’s tSZ signal strength. First,
we calculate the electron number density
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The tSZ signal of a particular gas cell, ϒ, is
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where μe is the mean molecular weight per free electron in
units of hydrogen mass (i.e., amu). Then, we integrate the

signals for all the gas particles within the radius, for example,
R500,

Y D z r R . A3R A
2

500500 ( ) ( ) ( )å= ¡ <

The TNG data set gives the internal energy of each gas cell,
and we need to convert it to a gas temperature. The mean
molecular weight μ there is defined as the average mass per
particle:
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where nj and mj are the number density of atoms and the
corresponding mass, respectively. If we consider hydrogen (nH,
mp), helium (nHe, 4mp), and all the other metals (nz, mz) with an
approximation mz∼ 4mp, the total gas-mass density
ρgas= nHmp+ nHe(4mp)+ nzmz and

n m n m n m

n n n n m

n n n n n m

X Xx

4 1

1 1

4
1 3 4

,

A5

p p z z

z e p

m e
p

e

H He

H He

H He
1
4 H He gas

z

gas⎡⎣ ⎤⎦( )

( )

( )

m

r

=
+ +

+ + +

=
+ + - - +

=
+ +

r

where xe= ne/nH is the electron abundance.
X= (nHmp)/ρgas= 0.76. (The EAGLE simulation does not
provide electron abundance, so we assume fully ionized gas
following the approach of Lim et al. 2018 for the simulation.)
Then, the (specific) internal energy of the cell

u k T
1

1
1
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g m

=
-

where the adiabatic index γ= 5/3, and the gas temperature of
the cell is

T
u
k

1 . A7e
B

( ) ( )g m= -

In Section 3.4, where we compare the radial tSZ profiles of
∼1012Me halos, we present the thermal pressure profiles as

Figure 7. The tSZ flux integrated out to R500 (left) and 5R500 (right) for the galaxy samples in EAGLE Ref-L0050N0752 (blue crosses) and NoAGN-L0050N0752
(orange crosses) simulations. The PCXI best-fit scaling relation is shown as a dotted line. The shaded green region shows the mass range of the galaxy samples used in
the PCXI analysis.

Figure 8. Y YR R5 500 500 of the EAGLE galaxies in Ref-L0050N0752 and
NoAGN-L0050N0752. The dashed line shows the conversion factor of 1.796
for the UPP. The blue (Ref-L0050N0752) and orange (NoAGN-L0050N0752)
dots connected by the solid lines indicate the median value of the ratios in each
M500 mass bin. The mass bins are separated by 0.75 dex between 1011.0 Me and
1013.25 Me.

12

The Astrophysical Journal, 926:179 (15pp), 2022 February 20 Kim et al.

ra
tio

 o
f i

nt
eg

ra
te

d 
C

om
pt

on
iz

at
io

n 
 (l

ar
ge

 R
/s

m
al

l R
)

K
im

 e
t 

al
 2

02
2

The Galaxy-CGM-IGM Connection and the Inefficiency of Star 
Formation in Galaxies: Calorimetry of the Hot CGM via Thermal SZ

Thermal SZ (tSZ) measures  
n k T = thermal energy density  
→ integrated tSZ is calorimeter of 
energy in the hot CGM

Self-similarity expected to hold for masses 
at which all baryons can be retained: 
closed box, scale-invariant

Lower mass galaxies: simulations say 
winds drive baryons out of near CGM
Maybe a contributor to SF inefficiency:  

winds heat CGM at high M,  
flow out to high R at lower M

Impact of cosmic rays?  
x10 colder CGM in smaller galaxies
CR not lost in larger galaxies

Need to measure down to lower masses!
LCT capable of reaching to galaxy stellar 

masses below the peak of the SF efficiency 
function
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