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• Primary CMB anisotropies 
contain signatures of early 
universe physics

• Power spectrum

• ΛCDM 6 parameter model
– Wmh2, Wbh2, WL, t, ns, DR2
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Fig. 7.— The WMAP 7-year temperature power spectrum (Larson et al. 2010), along with the temperature power spectra from the
ACBAR (Reichardt et al. 2009) and QUaD (Brown et al. 2009) experiments. We show the ACBAR and QUaD data only at l ≥ 690, where
the errors in the WMAP power spectrum are dominated by noise. We do not use the power spectrum at l > 2000 because of a potential
contribution from the SZ effect and point sources. The solid line shows the best-fitting 6-parameter flat ΛCDM model to the WMAP data
alone (see the 3rd column of Table 1 for the maximum likelihood parameters).

also found that the parameters of the minimal 6-
parameter ΛCDM model derived from two compilations
of Kessler et al. (2009) are different: one compilation
uses the light curve fitter called SALT-II (Guy et al. 2007)
while the other uses the light curve fitter calledMLCS2K2
(Jha et al. 2007). For example, ΩΛ derived from
WMAP+BAO+SALT-II and WMAP+BAO+MLCS2K2
are different by nearly 2σ, despite being derived from the
same data sets (but processed with two different light
curve fitters). If we allow the dark energy equation of
state parameter, w, to vary, we find that w derived from
WMAP+BAO+SALT-II and WMAP+BAO+MLCS2K2
are different by ∼ 2.5σ.
At the moment it is not obvious how to estimate sys-

tematic errors and properly incorporate them in the like-
lihood analysis, in order to reconcile different methods
and data sets.
In this paper, we shall use one compilation of

the supernova data called the “Constitution” samples
(Hicken et al. 2009b). The reason for this choice over
the others, such as the compilation by Kessler et al.
(2009) that includes the latest data from the SDSS-II
supernova survey, is that the Constitution samples are
an extension of the “Union” samples (Kowalski et al.
2008) that we used for the 5-year analysis (see Sec-
tion 2.3 of Komatsu et al. 2009a). More specifically,
the Constitution samples are the Union samples plus
the latest samples of nearby Type Ia supernovae opti-
cal photometry from the Center for Astrophysics (CfA)
supernova group (CfA3 sample; Hicken et al. 2009a).

Therefore, the parameter constraints from a combina-
tion of the WMAP 7-year data, the latest BAO data
described above (Percival et al. 2009), and the Consti-
tution supernova data may be directly compared to the
“WMAP+BAO+SN” parameters given in Table 1 and
2 of Komatsu et al. (2009a). This is a useful compari-
son, as it shows how much the limits on parameters have
improved by adding two more years of data.
However, given the scatter of results among different

compilations of the supernova data, we have decided to
choose the “WMAP+BAO+H0” (see Section 3.2.2) as
our best data combination to constrain the cosmologi-
cal parameters, except for dark energy parameters. For
dark energy parameters, we compare the results from
WMAP+BAO+H0 and WMAP+BAO+SN in Section 5.
Note that we always marginalize over the absolute mag-
nitudes of Type Ia supernovae with a uniform prior.

3.2.5. Time-delay Distance

Can we measure angular diameter distances out to
higher redshifts? Measurements of gravitational lensing
time delays offer a way to determine absolute distance
scales (Refsdal 1964). When a foreground galaxy lenses a
background variable source (e.g., quasars) and produces
multiple images of the source, changes of the source lu-
minosity due to variability appear on multiple images at
different times.
The time delay at a given image position θ for a given

source position β, t(θ,β), depends on the angular diam-
eter distances as (see, e.g., Schneider et al. 2006, for a
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Primary CMB Anisotropies

( Komatsu et al., ApJS 2011 )



Temperature & Polarization Power Spectra

Current CMB Survey Research



Smoking gun of inflation?r
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( CMB-S4 Science Book, arXiv:1610.02743 )



~ 101 meters

Atacama Cosmology Telescope (ACT) 

https://act.princeton.edu/


~ 1 meter



~ 10-1 meters
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~ 10-2 meters



ACTPol%PA37

~ 10-2 meters

Background-limited superconducting detectors
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~ 10-3 meters
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Superconducting Transition Edge Sensors (TES)

– Sub-Kelvin operation
– Voltage biased at superconducting transition, Tc
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Superconducting Transition Edge Sensors (TES)

– Sub-Kelvin operation
– Voltage biased at superconducting transition, Tc
– Low-T current readout      => SQUIDs
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SQUID Multiplexing for large TES Arrays
Different signal modulation techniques

• Time-division multiplexing
Current Advanced ACT arrays ~6000 detectors

Mature approach 
=> Adopted for CMB-S4 >500,000 detectors 

observations starting ~2030

• GHz Frequency-division multiplexing
Simons Observatory arrays ~60,000 detectors

observations starting 2023!

(Chervenak et al., APL 1999 )

Michael Niemack, Cornell

( McCarrick et al. ApJ 2021 )

( Henderson et al., SPIE 2016 )



SQUID Multiplexing for large TES Arrays
Different signal modulation techniques

• Time-division multiplexing
Advanced ACT array with 64x multiplexing

(Chervenak et al., APL 1999 )

Michael Niemack, Cornell

CMB-S4 arrays – need to fold readout behind 
array to fit many arrays side-by side

CMB-S4 Collaboration – cmb-s4.org

(Henderson et 
al., SPIE 2016
Choi et al.,
JLTP 2018 )

https://act.princeton.edu/publications/experimental
http://www.cmb-s4.org/


SQUID Multiplexing for large TES Arrays

GHz frequency-division multiplexing
• Difference frequency for each TES
• 2 coax + 2 twisted pair 
• 910x multiplexing factor
• Fewer wires than time-division, though focal 

plane integration with TESes is still a challenge

Michael Niemack, Cornell( McCarrick et al. ApJ 2021 )



SQUID Multiplexing for larger TES Arrays

GHz frequency-division multiplexing
• Simons Observatory (simonsobservatory.org) 

project is using this and it will be deployed in 
Chile in 2023!

Michael Niemack, Cornell

Large aperture 
telescope

Josquin Errard (APC) for the Simons Observatory Collaboration, 53rd Rencontres de Moriond, 2018

The Simons Observatory instruments and technology 

15
m

6 m crossed Dragone fed by 
up to 13, 38 cm optics tubes.
baseline=7 tubes for SO, with 
baseline pixels:
• One tube: 30/40 GHz
• Four tubes:  90/150 GHz
• Two tubes: 220/270 GHz

large aperture telescope

20

small aperture telescopes

Three 42 cm diameter refractors, 
baseline dichroic pixels:
30/40 | 90/150 | 90/150 | 220/270 GHz

20m

( McCarrick et al. 2021 – readout for 1820 TES channels )

Simons Observatory 150mm detector wafer 

http://simonsobservatory.org/


Mazin Lab at UCSB!
http://goo.gl/ePAvg!

4066 Å

6710 Å

9821 Å

MKIDs!

Cooper 
Pair 

Energy Gap 
Silicon –      1.10000 eV 
Aluminum – 0.00018 eV 
 
Energy resolution:  

Inductor is a  
Superconductor! 

MKID Equivalent Circuit Typical Single Photon Event 

Kinetic Inductance Detectors for larger arrays

• Newer detection approach
– Use kinetic inductance of 

superconductor
– Circuit resonance changes 

due to pair breaking

• Naturally multiplexable
– Frequency comb like 

microwave SQUIDs

• More detectors at shorter 
(< 1 mm) wavelengths due 
to ~100x fewer wirebonds! 

From Ben Mazin

( Day et al. Nature 2003 )



Kinetic Inductance Detectors for larger arrays
CCAT-prime (ccatobservatory.org) 
adopted KIDs to be deployed in 2024!
Planning for > 100,000 KIDs 

( Duell et al. SPIE 2020 – First CCAT-prime array with 3456 KIDs! )

More light shifts KID 

resonance and reduces Q

http://ccatobservatory.org/


Telescopes for CCAT-prime and Simons Observatory

… to illuminate ~10x more detectors
are being built in Germany!

Telescope base 3 weeks ago in Duisburg, Germany

( Niemack 2016 Applied Optics, Parshley et al. 2018 SPIE )



• Feedhorn coupled Transition Edge Sensor (TES) detectors are achieving 
background-limited performance on ACT and others

• Need more detectors to improve CMB measurements
• TESes will be used in Simons Observatory and CMB-S4

– Simons Observatory using frequency-division readout in 2023
– CMB-S4 using time-division readout in ~2030

• Kinetic Inductance Detectors (KIDs) enable more detectors per wafer 
at wavelengths less than ~1mm and will be used in CCAT-prime
– CCAT-prime using KID arrays in 2024

Wrap up

Michael Niemack (niemack@cornell.edu), Cornell

Josquin Errard (APC) for the Simons Observatory Collaboration, 53rd Rencontres de Moriond, 2018

The Simons Observatory instruments and technology 

15
m

6 m crossed Dragone fed by 
up to 13, 38 cm optics tubes.
baseline=7 tubes for SO, with 
baseline pixels:
• One tube: 30/40 GHz
• Four tubes:  90/150 GHz
• Two tubes: 220/270 GHz

large aperture telescope

20

small aperture telescopes

Three 42 cm diameter refractors, 
baseline dichroic pixels:
30/40 | 90/150 | 90/150 | 220/270 GHz

20m

http://act.princeton.edu/
http://simonsobservatory.org/
http://cmb-s4.org/
http://ccatobservatory.org/

