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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).



Inflation

Favored model - Slow-roll inflation: 

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

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

Credit: Albrecht

Credit: wikipedia

Open question: Can you use 
the Higgs for this scalar field? 
(see last talk)



Cosmic Microwave Background

14 

Predicted in 1948: ~5 K

Seen in 1965: 3.5 K 


Current: 2.7 K



Polarization of the CMB 
CMB is polarized by Thomson Scattering

from W. Hu’s web page



From an ad for polarized sunglasses

Credit: Talex

Naked eye

With Polarized Sunglasses



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

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

•
Smith et al 2008 

10o



Why use E&B? 
look at what produces each

Polarization along/perperdicular to k

Polarization +-45deg to k



Why use E&B? 
look at what produces each

Density fluctuations at LSS 
do not produce “B” modes; 
Gravitational waves do!

Polarization along/perperdicular to k

Polarization +-45deg to k



Why use E&B? 
look at what produces each

Polarization along/perperdicular to k

Polarization +-45deg to k

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



(from sound waves)

(from sound waves)

(from gravitational lensing)

from CMB-S4 
Science Book 2016Measurements of CMB Power spectra
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Six 
orders of 
magnitud
e in 25 
years (from sound waves)

(from sound waves)

(from gravitational lensing)

Goal: 

Inflationary B-modes

from CMB-S4 
Science Book 2016Measurements of CMB Power spectra

(Angular scale)
Small Angular Scales



Chasing inflationary 
gravitational waves 

“smoking gun of inflation”

The power in G. Waves is described by “r” = tensor-to-scalar 
ratio 


Current 95% CL upper limit is r < 0.06 (BICEP/Keck + Planck)


Goal: r < 0.002 (σ(r)=0.001)  


How do we get the next factor of ~30?



Basic Ingredients

• More detectors 
– Detectors have reached noise floor of 

photon statistics 
• Both large and small angular scales 

– Large scales for IGW signal; small scales to 
remove lensing power 

• Wide frequency coverage 
– Separating CMB and the Milky Way



1.3 From science goals to CMB-S4 design 5
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Space based experiments

Stage−I − ≈ 100 detectors

Stage−II − ≈ 1,000 detectors

Stage−III − ≈ 10,000 detectors

Stage−IV − ≈ 100,000 detectors

Figure 1. Plot illustrating the evolution of the raw sensitivity of CMB experiments, which scales as
the total number of bolometers. Ground-based CMB experiments are classified into Stages with Stage II
experiments having O(1000) detectors, Stage III experiments having O(10,000) detectors, and a Stage IV
experiment (such as CMB-S4) having O(100,000) detectors. Figure from Snowmass CF5 Neutrino planning
document.

a great deal from CMB measurements, including discoveries that have pointed the way to new physics, we
have only begun to tap the information contained in CMB polarization, CMB lensing and secondary e↵ects.
CMB-S4 should be designed to maximize discovery space by producing high fidelity maps.

1.3 From science goals to CMB-S4 design

1.3.1 Conceptual design of CMB-S4

The science goals discussed above leads to a rough conceptual design of CMB-S4.

1.3.1.1 Sensitivity and detector count

The sensitivity of CMB measurements has increased enormously since Penzias and Wilson’s discovery in
1965, following a Moore’s Law like scaling, doubling every roughly 2.3 years. Fig. 1 shows the sensitivity of
recent experiments as well as expectations for upcoming Stage 3 experiments, characterized by order 10,000
detectors on the sky, as well as the projection for a Stage 4 experiment with order 100,000 detectors. To
obtain many of the CMB-S4 science goals requires of order 1 µK arcminute sensitivity over roughy 70% of
the sky, which for a four year survey requires of order 500,000 CMB-sensitive detectors.

To maintain the Moore’s Law-like scaling requires a major leap forward, it requires a phase change in the
mode of operation of the ground based CMB program. Two constraints drive the change: 1) CMB detectors

CMB-S4 Science Book

CMB’s “Moore’s Law”

SPTpol 
POLARBEAR 
ACTpol 
~6000 detector-years

SPT-3G 
Simons Array 
Adv. ACTpol 
~60,000 detector years

Simons 
Observatory 
(CMB-S4 
prototype)

& CMB-S4 
2 million 
detector-
years

Contribution to 
Snowmass 
2013

Takeaway: 

Tests of inflation will 
dramatically improve 
over next 10 years



Instrument work 
on right now!

Putting New wafers 
on the South Pole 
Telescope

First receiver of the 
Simons Array (Chile)



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

Dilution 
refrigerator

Window

Readout
electronics port1.9 m

1.5 m
Lenses

Focal plane 
array

Magnetic 
shielding

Mounting 
flange

Aperture 
stop

Half wave plate 
assembly

Focal plane 
array

Housekeeping 
electronics port

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


No pretty hardware 
pictures yet, but 
telescope contract is 
signed
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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




Importance of Delensing

Figure 5: Left: Reduction in lensing B-mode power though the use of a lensing template constructed from SPT-3G data. At the
noise level of the planned SPT-3G 1500 deg2 survey, delensing will remove over 2/3 of the lensing power. The prediction for
the B-mode spectrum from inflationary gravitational waves with r = 0.01 is shown for reference. Right: Forecasts, courtesy
of the BICEP/Keck Collaboration, for σ(r) from the BICEP Array as a function of observing date with and without SPT-3G
delensing.

same patch of sky, however, can provide a template of lensing B modes to subtract from BICEP Array data,
revealing the potential PGW signature beneath. This delensing process is impossible with BICEP Array
data alone, because the <1m apertures of the BICEP/Keck family of telescopes do not resolve the necessary
angular scales. SPT-3G, on the other hand, is optimally positioned to provide such data.

The bulk of the five years of operations funded by this proposal will be devoted to a survey of 1500 deg2

of the sky, matched to the BICEP Array observing region. The high-resolution SPT-3G data is crucial for
delensing, because it will provide a high-signal-to-noise measurement of the E-mode sky down to arcminute
scales and, for the first time, a high-fidelity reconstruction of the CMB lensing potential at all angular
scales necessary for delensing degree-scale B modes (see, e.g., Fig. 9 of this proposal and Fig. 2 of Simard
et al. 2015). As shown in Fig. 5, left panel, the full five-year SPT-3G data set will enable the removal
of over 2/3 the lensing power in the B-mode map. As shown in Fig. 5, right panel, the removal of this
contaminating signal has the potential to improve constraints on r from BICEP Array by more than a factor
of two. Furthermore, while the degree-scale information from SPT-3G will not be as deep as full BICEP
Array data, it will be deep enough to provide a useful cross-check on any large-scale B-mode excess detected
BICEP Array. As noted above, the scientific potential of joint analyses of SPT-3G and BICEP Array data has
been recognized by the NSF through a joint SPT-BICEP/Keck MSIP award, but the data products produced
in the work proposed here are a necessary precondition of the MSIP-funded research.

3.2 Cracks in the Cosmological Model?
The six-parameter ΛCDM cosmological model is a remarkably simple description of the Universe that,

until recently, appeared to fit all cosmological data with remarkable fidelity. As cosmological data have
become ever more precise, though, certain apparent inconsistencies have begun to arise between best-fit
parameters from different sets of data. Are these the result of systematic errors or statistical flukes, or are
they pointing us to new physics? SPT-3G data will play a central role in elucidating the nature of these
inconsistencies and in possibly establishing the existence of physics beyond ΛCDM.

As shown in the left panel of Fig. 6, the most statistically significant tension among current cosmological
data sets is a >3σ discrepancy2 between the Riess et al. (2018) classical distance-ladder determination of H0

and value derived from the Planck CMB + Planck lensing data assuming ΛCDM (Planck Collaboration et al.,
2018). The right panel of Fig. 6 shows there are also milder tensions in the amplitude of density fluctuations

2When describing tensions between estimates of single parameters from different data sets, we define σ as the quadrature sum
of the fully marginalized single-parameter uncertainties from the individual data sets.
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Manzotti et al. ApJ 2017: 24% delensing on the SPTpol 100d field 

SPT-3G will remove 2/3s of lensing BB power



New era: delensing crucial to IGW 
searches

SPT-3G will remove 2/3s of lensing BB powerFigure 5: Left: Reduction in lensing B-mode power though the use of a lensing template constructed from SPT-3G data. At the
noise level of the planned SPT-3G 1500 deg2 survey, delensing will remove over 2/3 of the lensing power. The prediction for
the B-mode spectrum from inflationary gravitational waves with r = 0.01 is shown for reference. Right: Forecasts, courtesy
of the BICEP/Keck Collaboration, for σ(r) from the BICEP Array as a function of observing date with and without SPT-3G
delensing.
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revealing the potential PGW signature beneath. This delensing process is impossible with BICEP Array
data alone, because the <1m apertures of the BICEP/Keck family of telescopes do not resolve the necessary
angular scales. SPT-3G, on the other hand, is optimally positioned to provide such data.
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been recognized by the NSF through a joint SPT-BICEP/Keck MSIP award, but the data products produced
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3.2 Cracks in the Cosmological Model?
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until recently, appeared to fit all cosmological data with remarkable fidelity. As cosmological data have
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parameters from different sets of data. Are these the result of systematic errors or statistical flukes, or are
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of the fully marginalized single-parameter uncertainties from the individual data sets.
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Credit: BICEP 
Array collaboration



Current plan:

2x Large Aperture Telescope


~6m crossed Dragone


also, CMB-S4 (still in flux) 
Technology overview: arxiv:1706.02464 

Science overview: arxiv:1610.02743
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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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Current plan: 

18x Small Aperture Telescopes


For testing inflation, the small telescopes provide the raw 
sensitivity, and the large telescopes remove the 
gravitational lensing signal (that would otherwise act as a 
noise floor) 

More details 
coming soon



And many others 
such as

LiteBIRD (Japan)

BICEP Array: receivers being installed now

CLASS: 

on-sky performance 
reported last week

1811.08287

also, CMBpol, PIXIE (US)

CoRE (EU)

GroundBIRD



-300 uK +300 uK

Separating the CMB and Milky Way: 
A trip from low to high frequencies

Credit: S. Ferrara & 
Planck(22 GHz)

Note: CMB looks 
the same in all 
plots

Multiple frequency bands can distinguish 
CMB from the dust and synchrotron 
emission of the Milky Way
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-300 uK +300 uK

Separating the CMB and Milky Way: 
A trip from low to high frequencies

Credit: S. Ferrara & 
Planck

Note: CMB looks 
the same in all 
plots

Takeaway: Foreground cleaning will be crucial. Even at 
the best frequency, far away from the plane of the Milky 
Way, galactic signals are much larger than r=0.001



Current state of play



5 slides on current results

Three years ago

Only upper limits
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Today

Significant detections of 
B-modes, but only 
upper limits on grav 
waves
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Observational constraints on Inflation Parameters
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Applied to Higgs Inflation

Figure 4: (Left) The tensor-to-scalar ratio r and the spectral tilt nS following from the effective
potential (3.12) [63]. The non-minimal coupling ⇠ varies between 10 and 100 along the lines of
constant , with larger values corresponding to smaller tensor-to-scalar ratios. The star in the
lower part of the plot stands for the universal values in Eq. (2.44). (Right) The power spectrum
PR as a function of the number of e-folds before the end of inflation and the associated comoving
scale k in inverse megaparsecs [63]. The monotonic curve at the bottom of the plot corresponds to
the universal/non-critical Higgs inflation scenario. The upper non-monotonic curves are associated
with different realizations of the critical Higgs inflation scenario. The shaded regions stand for the
latest 68% and 95% C.L. constraints provided by the Planck collaboration.

For small ⇠ values, the tensor-to-scalar ratio can become rather large, r ⇠ O(10�1) [56, 60,
61, 139] (see also Ref. [103]). Note, however, that although the direct comparison of CMB
data with the primordial spectrum at large scales displays a reasonable consistency, the global
behavior of the spectrum cannot be accurately described by the simple expansion in (2.27),
since the running of the spectral tilt ↵s ⌘ d lnns/d ln k and its running �s ⌘ d

2 lnns/d ln k2

also become considerably large, cf. Fig. 5.

On top of the large-scale modifications, the non-monotonic evolution of the slow-roll pa-
rameter ✏ in the vicinity of the inflection point leads to the enhancement of the spectrum
of primordial density fluctuations at small and intermediate scales. It is important to notice
at this point that the standard slow-roll condition may break down if the potential becomes
extremely flat and the inertial term in the inflaton equation of motion is not negligible with
respect to the Hubble friction term [140–142]. In this regime, even the classical treatment
is compromised since stochastic effects cannot longer be ignored [143–146]. If we restrict
ourselves to situation in which the slow-roll approximation is satisfied during the whole infla-
tionary trajectory, [63]14 the height and width of the generated bump at fixed spectral tilt are
correlated with the value of the tensor-to-scalar ratio r, cf. Fig. 4. Contrary to some claims
in the literature [102], the maximum amplitude of the power-spectrum compatible with the
95% C.L Planck ns � r contours [63] is well below the critical threshold P

max
R ' 10�2

� 10�3

needed for primordial black hole formation [147–149]. This conclusion is unchanged if one
14The onset of the slow-roll regime prior to the arrival of the field to the inflection point and its dependence on

pre-inflationary conditions was studied in Ref. [137], where a a robust inflationary attractor was shown to exist.
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Note: Swapped 
colors:

Blue is now Planck 
Red arrow: 
Planck+BICEP/Keck 
limit

Credit: Rubio 2018

NB: Will reach down 
here in next 5-10 years
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Conclusions
• Next decade: 30-fold 

improvement in searches 
for inflationary gravitational 
waves 
– More detectors 
– Careful treatment of galactic 

foregrounds 
– Removing grav lensing noise

LiteBIRD

• Also other science: neutrinos, dark energy, dark matter, …



Beyond r/ns

• CMB Spectral distortions 
can probe smaller scales 

•  Need a satellite: LiteBIRD; 
PIXIE

Figure 4: (Left) The tensor-to-scalar ratio r and the spectral tilt nS following from the effective
potential (3.12) [63]. The non-minimal coupling ⇠ varies between 10 and 100 along the lines of
constant , with larger values corresponding to smaller tensor-to-scalar ratios. The star in the
lower part of the plot stands for the universal values in Eq. (2.44). (Right) The power spectrum
PR as a function of the number of e-folds before the end of inflation and the associated comoving
scale k in inverse megaparsecs [63]. The monotonic curve at the bottom of the plot corresponds to
the universal/non-critical Higgs inflation scenario. The upper non-monotonic curves are associated
with different realizations of the critical Higgs inflation scenario. The shaded regions stand for the
latest 68% and 95% C.L. constraints provided by the Planck collaboration.

For small ⇠ values, the tensor-to-scalar ratio can become rather large, r ⇠ O(10�1) [56, 60,
61, 139] (see also Ref. [103]). Note, however, that although the direct comparison of CMB
data with the primordial spectrum at large scales displays a reasonable consistency, the global
behavior of the spectrum cannot be accurately described by the simple expansion in (2.27),
since the running of the spectral tilt ↵s ⌘ d lnns/d ln k and its running �s ⌘ d

2 lnns/d ln k2

also become considerably large, cf. Fig. 5.

On top of the large-scale modifications, the non-monotonic evolution of the slow-roll pa-
rameter ✏ in the vicinity of the inflection point leads to the enhancement of the spectrum
of primordial density fluctuations at small and intermediate scales. It is important to notice
at this point that the standard slow-roll condition may break down if the potential becomes
extremely flat and the inertial term in the inflaton equation of motion is not negligible with
respect to the Hubble friction term [140–142]. In this regime, even the classical treatment
is compromised since stochastic effects cannot longer be ignored [143–146]. If we restrict
ourselves to situation in which the slow-roll approximation is satisfied during the whole infla-
tionary trajectory, [63]14 the height and width of the generated bump at fixed spectral tilt are
correlated with the value of the tensor-to-scalar ratio r, cf. Fig. 4. Contrary to some claims
in the literature [102], the maximum amplitude of the power-spectrum compatible with the
95% C.L Planck ns � r contours [63] is well below the critical threshold P

max
R ' 10�2

� 10�3

needed for primordial black hole formation [147–149]. This conclusion is unchanged if one
14The onset of the slow-roll regime prior to the arrival of the field to the inflection point and its dependence on

pre-inflationary conditions was studied in Ref. [137], where a a robust inflationary attractor was shown to exist.
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Distortions provide general power spectrum constraints!

• Amplitude of power spectrum rather uncertain at k > 3 Mpc-1 

• improved limits at smaller scales can rule out many inflationary models

Bringmann, Scott & Akrami, 2011, ArXiv:1110.2484 

CMB et al.

rather model dependent

CMB distortions

• CMB spectral distortions would extend our lever arm to k ~ 104 Mpc-1 

• very complementary piece of information about early-universe physics

              

e.g., JC, Khatri & Sunyaev, 2012; JC, Erickcek & Ben-Dayan, 2012; JC & Jeong, 2013

Probe extra 
≃10 e-folds 
of inflation!

Recent discusion of caveats: 
Gosenca, Adamek, Byrnes & 
Hotchkiss, ArXiv:1710.02055! 

Credit: Rubio 2018

Credit: J. Chluba

CMB 
constraints 
so far

Addition 
from 
spectral 
distortions

Higgs inflation produces more 
complex power spectra



Credit: The Keck Array 
and BICEP2 
Collaborations, 2018

Takeaway: Foreground cleaning will be crucial. Even at the best frequency, far away 
from the plane of the Milky Way, galactic signals are much larger than r=0.001

`


