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Probing the Cosmic Frontier with 
CMB

from NASA/WMAP Team

We now have a model that describes the 
evolution of our Universe from a hot and 
dense state.

 The model has some unusual features  
- new physics - 
Dark Matter, Dark Energy, and starts with 
a period of Inflation.

Most of the model has been learned from 
measurements of the cosmic microwave 
background (CMB).



The goal: snapshot of the Universe 
just after the Big Bang

Credit: Planck



Adding “pebbles”
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Adding “pebbles”
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Adding “pebbles”

10,000

Credit: Adam Hincks



Adding “pebbles”

490,000

Credit: Adam Hincks

The map of the CMB anisotropy is well-described by acoustic waves around an 
ensemble of dark matter potentials



Polarization of the CMB 
CMB is polarized by Thomson Scattering

from W. Hu’s web page



The CMB is polarised (~10%)
• Any polarisation pattern can be 

decomposed into “E” (grad) and “B” 
(curl) modes 

•
Smith et al 2008 

10o



The CMB is polarised (~10%)
• Any polarisation pattern can be 

decomposed into “E” (grad) and “B” 
(curl) modes 

•
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B-modes are a great place 
(low background) to look 
for gravitational waves 
from inflation. 

Temperature and E-modes 
tell us about density 
fluctuations. 



Cosmic Microwave Background (CMB) 
Power Spectra
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CMB Power Spectra

Acoustic oscillations in the photon-baryon plasma at LSS

Improvements at small-scale have to deal 
with foregrounds and secondary 

anistropies 

Cosmic variance 
limited at large scales



CMB Power Spectra

Acoustic oscillations in the photon-baryon plasma at LSS

Lots of room for improvement! 
Have roughly same potential 
information  content as 
temperature



CMB Power Spectra
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Apodization Mask 95% CL ω(r) A150GHz

ω=80 ε ϑ A95GHz, rg
ω=500

PTE

BK18 r < 0.25 0.067 0.013+0.006
→0.004 →0.729+0.293

→0.290 2.197+0.484
→0.545 0.011+0.010

→0.007 42%
SPT-3G 1500 deg2 r < 0.25 0.068 0.037+0.009

→0.008 →0.956+0.196
→0.158 1.670+0.269

→0.254 0.036+0.010
→0.009 3.0%

TABLE IV. The 95% upper limits and estimated 1ω uncertainty on the tensor-to-scalar ratio r from SPT-3G data for the BK18
and SPT-3G 1500 deg2 apodization masks. Parameters for the Galactic dust model and extragalactic radio galaxies are also
reported. In the rightmost column, we report the PTE of the best-fit point from an F-distribution due to the uncertainty in
the covariance matrix estimate.

100 200 300 400 500 600 700

Multipole ‘

0:00

0:05

0:10

0:15

0:20
‘(
‘
+

1)
C
B
B

‘
=2
ı

[—
K

2
]

Lensing B-modes

SPT-3G 95 GHz

BICEP/Keck 95 GHz

Polarbear 150 GHz

ACTpol 150 GHz

SPTpol 150 GHz

FIG. 7. Ground-based B-mode measurement landscape.
Data are from SPTpol [32], ACT [28], Polarbear [1], and
BICEP/Keck [4].

posterior probability distribution on r and the amplitude
of Galactic dust is shown in Figure 6. As expected, we see
a degeneracy between the amplitude of the dust power
and r, as illustrated in Figure 6. The inferred power
due to inflationary gravitational waves decreases as the
modeled Galactic dust power increases.

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

The observed dust model parameters for the SPT-
3G data using the BK18 mask are listed in Table IV
and agree at approximately the 1ω level with the
reported dust power in BK18. While this does
not account for shared sample variance between the
experiments, the SPT-3G measurement is instrumental
noise limited. The agreement serves as a cross-check
of the BK18 result, as the SPT and BICEP/Keck
experiments di!er significantly in their instrument design
and systematic e!ects. Key di!erences include the beam
sizes (→1-2 arcmin for SPT-3G versus →30 arcmin for
BICEP/Keck at 150GHz), optical designs, field of view,
scan speed, approaches to ground shielding, and readout

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

B. SPT-3G 1500 deg2 Survey Area

We repeat the likelihood analysis using bandpowers
derived from the full SPT-3G 1500 deg2 survey area.
This yields a 95% upper limit of r < 0.25, nearly
identical to the constraint from the BK18 region. While
the greater number of modes from the larger sky area
reduces statistical uncertainty, interpreting this result
requires accounting for the increased sample variance due
to Galactic foregrounds and the added model complexity
they introduce in this region.

The full SPT-3G footprint exhibits elevated levels of
foreground power compared to the BK18 region. This
discrepancy can be seen in the increase in amplitude
of A150GHz

ω=80
and A95GHz, rg

ω=500
in Table IV, by-eye in

Figure 3, and through cross-correlation with Planck
353 GHz polarization maps, a tracer of Galactic dust [7].

This contrast in foreground emission is further
illustrated in Figure 8, which shows the Planck 353 GHz
polarization map across the SPT-3G survey area. The
black dashed line marks the half-power contour of the
BK18 apodization mask, highlighting how both Galactic
dust and bright radio sources are more prominent outside
this cleaner subregion. The Planck 353 GHz polarization
map shows significantly more di!use dust emission
outside the BK18 high-weight region, indicating higher
and spatially variable Galactic dust power across the full
SPT-3G field. Similarly, the five brightest radio galaxies
in the SPT-3G survey area, marked by red ↑ symbols,
are located outside the high-weight region of the BK18
mask. The brightest of these (marked by the larger ↑)
is located where the mask assigns only 40% weight and
has four times more flux than the next brightest source,
making it the dominant contributor from radio galaxies
in our fit.

This elevated and more complex foreground power is
not well described by the simple model presented in
Section VI. While the model performs adequately over
the BK18 region (PTE = 42%), it yields a significantly
degraded fit over the full footprint (PTE = 3.0%). Given

Gravitational-
lensing induced B-
modes

Hope to detect 
inflationary 
gravitational waves

Lots of room for improvement!



What experiments 
are coming?

Credit: Aman Chokshi



LiteBIRD 
  launch FY2036 for L2

Recent details in

arXiv:2607.25285

Credit: JAXA

precise maps of polarisation at 
 to achieve ℓ ≤ 200 σ(r) = 0.002

Space



Changes from Planck to LiteBIRD 

• Upgrades: 
– More detectors -  4000 bolometers (HFI had 

54); better sensitivity! 
– More frequency bands (12 vs 9); better 

foreground removal! 
– Polarisation modulation; systematic control! 

• Downgrades: 
– 0.5 m aperture (from 1.5m); high resolution 

not needed for ℓ ≤ 200



CMB-S4
• CMB-S4 was being designed with 

telescopes in Chile and at the South 
Pole as the ‘ultimate’ ground-based 
CMB experiment, having done well in 
US DoE and NSF decadal plans 

• 2020-2023: NSF concerns about 
footprint at Pole 

• 2024 NSF closed the Pole to new 
experiments 

• July 2025: CMB-S4 canned. 

Ground



1x Large Aperture Telescope

crossed Dragone design


Key adv: Allows large focal 
plane (2m!) for lots of detectors


Simons Observatory 
Instrument overview: arxiv:1808.04493 

Science overview: arxiv:1808.07445
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Figure 5. Detailed views of the primary components of the SAT receiver. The image at left shows a cross-sectional view
highlighting the optics tube and focal plane array placement as well as the angled dilution refrigerator. The view at right
shows the back end of the receiver with the lid section cut away showing the primary components as they are situated in
the 4K volume. The PT420 unit used to cool the 40K and 4K stages is adjacent to the dilution refrigerator and is not
visible in these images.

with azimuth and elevation pointing requirements drive the pointing platform design and manufacture, which is
part of future work not included in this paper.

4.3 SAT cryogenic receiver

The optical design and cryogenic tilt angle determined the overall structure of the SAT receiver. The SAT
receiver is composed of a primary cylindrical volume surrounding the optics tube and focal plane combined
with a secondary volume to accommodate the cryogenic systems as shown in Fig. 5. The CHWP requires an
additional space in front of the optics tube for mounting and operation. The readout systems for the detectors
also require a dedicated electronics port in the side of the cryostat that presented a significant design challenge to
ensure appropriate thermal coupling, cable routing, and component mounting for the readout chain operational
requirements.

The design temperature of each stage was determined by the detector and optical requirements. The SAT
uses a Cryomech PT420 to cool a 40K stage and a 4K stage and a Bluefors SD400 to cool a 1K and 100mK
stage. The 40K stage is used primarily as a radiation shield, an intercept stage for conductive elements, and
to remove optical IR loading through the window. Additionally, the 40K stage couples to the CHWP which
requires an operational temperature below its superconducting transition temperature of 90K (see section 4.3.2).
The 4K volume is an additional shield layer that surrounds the components providing the thermal distribution
from the DR’s 1K and 0.1K stages. The 1K stage cools the aperture stop and lenses as well as providing an
additional intercept stage to conductive elements that go to 100mK. The 100mK stage cools the FPA.

A primary design goal for the receiver was to keep the overarching mechanical design concept as simple as
possible which we accomplished with a set of mechanical trusses coupling di↵erent temperature stages near their
respective centers of mass along the vertical axis. A two layer G10 tab Vierendeel truss31 connects the vacuum
shell to the 40K and 4K stages providing a rigid coupling that is designed to accommodate the di↵erential thermal
contraction between the layers. The truss builds on the experience of the POLARBEAR-2 truss32 combined with
the successful tab structure implemented in SPIDER.33 Thermally isolating mechanical connections between the
4K stage and 1K optics tube and between the 1K optics tube and the 100mK focal plane are provided by two
additional truss structures that utilize pultruded carbon fiber tubes to provide mechanical support and thermal
isolation.
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3x Small Aperture Telescopes


Key advs: 1) Cheap way to 
get sensitivity


2) Improved systematics 
control
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with azimuth and elevation pointing requirements drive the pointing platform design and manufacture, which is
part of future work not included in this paper.

4.3 SAT cryogenic receiver

The optical design and cryogenic tilt angle determined the overall structure of the SAT receiver. The SAT
receiver is composed of a primary cylindrical volume surrounding the optics tube and focal plane combined
with a secondary volume to accommodate the cryogenic systems as shown in Fig. 5. The CHWP requires an
additional space in front of the optics tube for mounting and operation. The readout systems for the detectors
also require a dedicated electronics port in the side of the cryostat that presented a significant design challenge to
ensure appropriate thermal coupling, cable routing, and component mounting for the readout chain operational
requirements.

The design temperature of each stage was determined by the detector and optical requirements. The SAT
uses a Cryomech PT420 to cool a 40K stage and a 4K stage and a Bluefors SD400 to cool a 1K and 100mK
stage. The 40K stage is used primarily as a radiation shield, an intercept stage for conductive elements, and
to remove optical IR loading through the window. Additionally, the 40K stage couples to the CHWP which
requires an operational temperature below its superconducting transition temperature of 90K (see section 4.3.2).
The 4K volume is an additional shield layer that surrounds the components providing the thermal distribution
from the DR’s 1K and 0.1K stages. The 1K stage cools the aperture stop and lenses as well as providing an
additional intercept stage to conductive elements that go to 100mK. The 100mK stage cools the FPA.

A primary design goal for the receiver was to keep the overarching mechanical design concept as simple as
possible which we accomplished with a set of mechanical trusses coupling di↵erent temperature stages near their
respective centers of mass along the vertical axis. A two layer G10 tab Vierendeel truss31 connects the vacuum
shell to the 40K and 4K stages providing a rigid coupling that is designed to accommodate the di↵erential thermal
contraction between the layers. The truss builds on the experience of the POLARBEAR-2 truss32 combined with
the successful tab structure implemented in SPIDER.33 Thermally isolating mechanical connections between the
4K stage and 1K optics tube and between the 1K optics tube and the 100mK focal plane are provided by two
additional truss structures that utilize pultruded carbon fiber tubes to provide mechanical support and thermal
isolation.
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3x Small Aperture Telescopes


Key advs: 1) Cheap way to 
get sensitivity


2) Improved systematics 
control


First light with fi

Currently in initial science observations with the 
original SO confi



Doubling  Simons Observatory 
7->13 optics tubes in LAT; arXiv:2503.00636 

3->6 SATs; arXiv:2512.15833 
5 -> 10 year survey

LAT upgrade this year to >60k bolometers 
3 new SATs in next two years 
(6 freq bands - 27/39, 93/145, 225/280 GHz;  
>60k bolometers in SATs)

Also solar power installed, 
and undergoing testing



The South Pole Telescope (SPT)
10 m telescope

SPT-3G  - 3rd camera on SPT

•16,200 bolometers in trichroic pixels 
• Currently surveying 10,000 deg2 at 95, 150, 220 GHz 



The South Pole Telescope (SPT)
10 m telescope SPT-3G+  - next camera on SPT 

x7 mapping speed

• 24k bolometers at 95 & 150 GHz 
• Observing from 2029 

Detector Readout

Housekeeping Readout

Dilution Refrigerator

Pulse Tube Cryocoolers

Optical Window
(Transparent)

Access
Panels

1 meter

Figure 5: Two views of the SPT-3G+ receiver are shown with the dilution refrigerator and pulse tube cryocoolers
installed. The side and bottom access panels are removed to install optic tubes and work on internal components.

each frequency band and in each polarization is detected by one of four voltage-biased TES bolometers. The
SPT-3G+ wafer design draws from Advanced ACTPol, Simons Observatory, and CMB-S4 mid-frequency (MF)
designs.44,50,51 The well-developed microfabrication process52 has led to 38 science grade Simons Observatory
MF wafers exhibiting detector properties that match specifications.23,53 Relative to these past implementa-
tions, the bolometer properties tabulated in Tab. 1 have been optimized for the loading conditions of SPT. We
aim to achieve the bolometer saturation power target by geometric scaling of the thermally isolating bolometer
legs. Matching previous designs, the TESs are composed of AlMn films54 with target superconducting critical
temperature Tc = 160 mK and normal resistance Rn = 8 m!.

The 14 wafers will be fabricated at two di”erent fabrication locations, Argonne National Laboratory (ANL)
and the National Institute of Standards and Technology (NIST). The use of two fabrication locations provides
redundancy, reducing risk and shortening the instrument build timeline. While detector specifications are identi-
cal, implementation at each fabrication location matches the microfabrication toolset and expertise. Wafers from
each fabrication site di”er in two main respects: how signal from opposing Nb OMT fins are combined and how
bolometers are released from the substrate. NIST uses hybrid-Ts and a lossy meander to combine and terminate
the signal, whereas ANL implements a symmetrically fed lumped termination resistor located on the bolometer
island. To release the bolometers, NIST uses a deep reactive ion etch (DRIE) step, which also defines the OMT
membrane in the same fabrication step. In contrast, ANL uses a XeF2 etch to release the bolometer islands and
DRIE to define the OMT membrane in separate fabrication steps. Figure 7 shows images of wafer prototypes
fabricated at NIST and ANL, which highlights these distinctions. The prototype wafer from NIST includes a
‘science’ TES in series with a proximity e”ect ‘calibration’ TES,55,56 which can be used in a laboratory setting
with higher loading.

3.3.2 Readout

Detectors are read out with a microwave SQUID multiplexer system (µmux ), which was specifically developed
to enable the use of large arrays of TES bolometers.57–59 In this system, TES bolometers are DC biased and the
current flowing through each TES is flux-coupled to a radio-frequency Superconducting Quantum Interference
Device (SQUID) which terminates a microwave resonator. The changing TES current causes a frequency shift



BICEP Array + BICEP3

BICEP Array

3 slots observing: 30/40 GHz, 150 GHz, 
220/270 GHz, 


4th slot coming this summer: 90/150 GHz 

BICEP3

95 GHz

More than 30,000 TES bolometers over five frequency bands



Inflation

Favored model - Slow-roll inflation: 

  Universe’s density is dominated by the 
potential of a scalar field with ‘flattish’ potential


Flat universe

No relics

Nearly scale invariant primordial scalar 

spectrum (even on super-horizon scales)

Adiabatic and Gaussian fluctuations (single 

field case)

Gravitational waves

Period of accelerating expansion in the 
early Universe during which the 
observable Universe shrinks

Credit: Albrecht

Credit: wikipedia



The power in G. Waves often described by “r” = tensor-to-
scalar ratio. Larger r increases power at super-horizon scales. 


Current 95% CL upper limit is r < 0.036  (BICEP/Keck + 
Planck+WMAP)


Goal: r < 0.001 (σ(r)=0.0005)  


How do we get the next factor of ~60?

arXiv:2110.00483

Chasing inflationary 
gravitational waves 

“smoking gun of inflation”



Chasing gravitational waves

Kimmy Wu, SLAC

• Hardware expansions:
• BICEP Array: deploying CMB-S4-style “PreSAT” receiver @ 90/150GHz 
• SPT: deploying SPT-3G+ camera with ~7x SPT-3G mapping speed 

𝜙(r) reach with potential expansions
South Pole Observatory

σ(r) = 0.001

(Figure from last slide)

28

1 LAT + 5 SATs at South Pole



Chasing gravitational waves

Kimmy Wu, SLAC

• Hardware expansions:
• BICEP Array: deploying CMB-S4-style “PreSAT” receiver @ 90/150GHz 
• SPT: deploying SPT-3G+ camera with ~7x SPT-3G mapping speed 

𝜙(r) reach with potential expansions
South Pole Observatory

σ(r) = 0.001

(Figure from last slide)

28

Simons 
Observatory - 2035

arXiv:2512.158331 LAT + 6 SATs in Chile



Chasing gravitational waves

Kimmy Wu, SLAC

• Hardware expansions:
• BICEP Array: deploying CMB-S4-style “PreSAT” receiver @ 90/150GHz 
• SPT: deploying SPT-3G+ camera with ~7x SPT-3G mapping speed 

𝜙(r) reach with potential expansions
South Pole Observatory

σ(r) = 0.001

(Figure from last slide)

28

Simons 
Observatory - 2035

arXiv:2512.15833

LiteBIRD - 2039

arXiv:2607.25285

Several options to get to ~0.001 in late 2030s

Foregrounds remain uncertain…


(Nothing that meets CMB-S4 target planned yet)

σ(r)



CMB anisotropies provide a first snapshot of the early 
universe, and underpin many tests of LCDM


- Relativistic energy density (Neff)

- early dark energy

- decaying/interacting dark matter

- birefringence

- others…


Upcoming measurements from the large telescopes will 
improve tests of cosmological models

Studying the early 
universe 

Use Neff as a benchmark

from CMB-S4 Science 
Book 2016



Light relics
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Figure 1: Contribution to the e!ective number of relativistic species, Ne! , from a single thermally-

produced relic, ”Ne! = Ne! → N
SM

e!
, with Standard Model value N

SM

e!
= 3.044, as a function

of its freeze-out (decoupling) temperature TF for three di!erent spin values (adapted from [41];

cf. also [4, 6] for reviews). As the decoupling temperature increases, more Standard Model

species are relativistic and in thermal equilibrium, so that their subsequent annihilation dilutes

the relic abundance relative to the photon bath. The vertical dotted lines indicate the masses

of some of these Standard Model particles (muon, charm quark, tau lepton, bottom quark,

W boson, and top quark), while the vertical gray bands mark the epochs of neutrino decoupling

and the QCD phase transition. A new light particle that decoupled above all Standard Model

mass thresholds contributes ”Ne! ↑ 0.027 for a real scalar (spin-0), about 0.047 for a Weyl

fermion (spin-1/2), and roughly 0.054 for a massless vector boson (spin-1). Detecting or excluding

such contributions is a primary science goal of next-generation CMB experiments, for which we

display the 2ω target for CMB-S4-like observations. We also show the currently most precise

constraint of ω(Ne!) = 0.12 combining Planck, ACT, and SPT data [58–60], but note that we

have neglected the shift of the mean value by approximately 2ω away from N
SM

e!
to only compare

the level of precision with the projected sensitivities. These forecasts can also be compared to

the floor set by a cosmic-variance-limited (CVL) experiment, with the upper edge of the gray

band corresponding to a survey covering 60% of the sky and multipoles up to ε = 5000. The

band illustrates that both a larger sky coverage and higher multipoles push this threshold to even

lower values. We finally note that the displayed CMB forecasts will be complemented by data

from large-scale-structure surveys, which will allow us to further tighten the bounds with future

observations (see e.g. [19–30]).

These contributions to Ne! from thermal freeze-out are particularly relevant since many

well-motivated particles beyond the Standard Model (BSM), including axions and other pseudo-

Nambu-Goldstone bosons, sterile neutrinos, dark photons, and gravitinos, can fall in this regime

because they may have been thermally produced in the early universe and decoupled while still

relativistic. Since stronger SM couplings lead to later decoupling, a larger interaction strength

3

Credit: Trendafilova et al

arXiv:2608.07453



What do new species do to 
the CMB?

• Biggest effect is on 
damping scale 

• Smaller effect on peak 
locations due to c 
instead of c/  speed.3

Hou et al - arXiv:1104.2333

Bottom: Also fix damping scale by 
varying 

See phase shifts between acoustic 
peaks

YHe

Top: Hold fixed 

See effect on damping 

ρb, θs, zEQ
θd



Forecasts for Neff
• Planck: ; Planck+SPT+ACT:   

• Data through 2028 from SPT-3G:  

• Data through 2034 from Simons Observatory: 

σ(Neff ) = 0.2 σ(Neff ) = 0.12

σ(Neff ) = 0.069

σ(Neff ) = 0.045 arXiv:2503.00636

arXiv:2403.17925

arXiv:1903.04763

arXiv:2506.20707


SPT-3G 2028

SO 2034  1σ

Also 


 = 56 meV 
(2028)

   = 15-30 meV 
(2034) 
depending on 
knowledge of 


∑ mν

σ

τ



Conclusions
• Next decade: 30-fold improvement 

in searches for inflationary 
gravitational waves 
– More detectors 
– Careful treatment of galactic foregrounds 
– Removing grav lensing noise

LiteBIRD

• Significant improvements to other cosmological tests - 
eg 3-fold on effective number of light relics

Simons Observatory South Pole Observatory


