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Three parts

• Part 1: “History” & Motivation - CMB past 

• Part 2: Technology & Detectors - CMB present 

• Part 3: Recent & anticipated results - CMB future



CMB future



Some goals

• Cosmic acceleration


• Physics of inflation


• Neutrino cosmology

Roen Kelly/DISCOVER



Cosmic Microwave Background

Primordial features 
• Inflation

Acoustic features 
• Energy density of early 

universe 
• cosmological parameters 
• Dark Radiation 

Secondary features 
• Scattering 
• Weak lensing 
• Dark Energy 
• HDM



Cosmic Microwave Background

Primordial features 
• Inflation

Acoustic features 
• Energy density of early 

universe 
• cosmological parameters 
• Dark Radiation; Neff = 3.046 

Secondary features 
• Scattering 
• Weak lensing 
• Dark Energy 
• HDM; Σmν > 60 meV

Cosmic Neutrino Background



Cosmic Acceleration: modified gravity/Dark Energy

• BAO and SNe: geometric measures of cosmic acceleration


• Discriminate between explanations by measuring something with different 
dependence on gravity (growth of structure)

Accelera'on*

Decelera'on*

2 Dark Energy 7

down the distance-redshift relation, they will also allow for apples-to-apples comparisons of modified gravity
vs. dark energy models using the growth of structure.

2.2 Growth of Structure

The quantity and quality of cosmic structure observations have greatly accelerated in recent years, and
further leaps forward will be facilitated by imminent projects. These will enable us to map the evolution of
dark and baryonic matter density fluctuations over cosmic history. The way that these fluctuations vary over
space and time is sensitive to several pieces of fundamental physics: the primordial perturbations generated
by GUT-scale physics; neutrino masses and interactions; the nature of dark matter; and dark energy. We
focus on the last of these here: the ways that combining probes of growth with those of cosmic distances
will pin down the mechanism driving the acceleration of the Universe.

If the acceleration is driven by dark energy, then distance measurements provide one set of constraints on
w, but dark energy also a↵ects how rapidly structure grows. Upcoming surveys are therefore designed to
probe w in two distinct ways: direct observations of the distance scale and the growth of structure, each
complementing the other on both systematic errors and dark energy constraints. A consistent set of results
will greatly increase the reliability of the final answer.
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Figure 3. Constraints on the growth of density fluctuations in the universe with errors projected from
DESI. The curves show the derivative of the logarithmic growth with respect to logarithmic scale factor —
a quantity readily measured from the clustering of galaxies in redshift space — as a function of redshift.
We show theory predictions for the standard ⇤CDM model, as well as for two modified-gravity models,
the Dvali-Gabadadze-Porratti (DGP) model [16], and for the f(R) modification to Einstein action [17].
Because growth in the f(R) models is generically scale-dependent, we show predictions at wave numbers,
k = 0.02hMpc�1 and k = 0.1hMpc�1. LSST projects to impose constraints of similar excellent quality on
the growth function D(a).

If cosmic acceleration is driven by modified gravity, then probes of structure become even more important.
Generically, modified gravity models are able to reproduce any expansion history that can be attained in dark
energy models, but at the cost of altering the growth of structure. How rapidly structure grows is quantified
by the dimensionless growth function D(a). Figure 3 illustrates how di↵erent models make predictions
that di↵er from those of general relativity even though the distance-redshift relation in all these models is

Community Planning Study: Snowmass 2013
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Cosmic Neutrino Background

• Initially, entire Universe was a hot dense state


• Weak interactions keep neutrinos in thermal equilibrium with rest of primordial 
plasma


• Neutrino decoupling


• at t~1 sec (kBT~1 MeV) Weak interaction rate too slow to keep up with 
expansion


•  ~113 cm-3 per neutrino specie


• TCvB ~ 1.9 K



CvB and the Early Universe

• mv < a few eV; relativistic energy in the early Universe


!

!

• Measurable via impact on the expansion rate


• BBN: Neff = 3.71 ± 0.46 Steigman, Adv. in HEP Vol 2012 (2012), 268321


• CMB: Diffusion (Silk) damping
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CvB and the Late Universe

• Oscillations: at least two of the neutrino species are massive


• non-relativistic in the late Universe, energy density set by nv and mv


• Free streaming smooths out small scale clumps


• Slows down the growth of structure

J. Lesgourgues, S. Pastor / Physics Reports 429 (2006) 307 –379 345
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Fig. 13. Ratio of the matter power spectrum including three degenerate massive neutrinos with density fraction f! to that with three massless
neutrinos. The parameters ("m,#$)= (0.147, 0.70) are kept fixed, and from top to bottom the curves correspond to f! =0.01, 0.02, 0.03, . . . , 0.10.
The individual masses m! range from 0.046 to 0.46 eV, and the scale knr from 2.1 × 10−3h Mpc−1 to 6.7 × 10−3h Mpc−1 as shown on the top of
the figure. keq is approximately equal to 1.5 × 10−2h Mpc−1.
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Fig. 14. CMB temperature anisotropy spectrum CT
l and matter power spectrum P(k) for three models: the neutrinoless $CDM model of section

4.4.6, a more realistic $CDM model with three massless neutrinos (f! ≃ 0), and finally a $MDM model with three massive degenerate neutrinos
and a total density fraction f! = 0.1. In all models, the values of ("b, "m, #$, As, n, %) have been kept fixed.

is found to be in excellent agreement with the analytical prediction of Eq. (141). For simplicity, the growth factor
g(a0) ≃ 0.8 can even be replaced by one in Eq. (141) without changing the result significantly. The well-known
formula P(k)f!/P (k)f!=0 ≃ −8f! is a reasonable first-order approximation for 0 < f! < 0.07.

4.6. Summary of the neutrino mass effects

4.6.1. Effects on CMB and LSS power spectra for fixed ("m, #$) and degenerate masses
In Fig. 14, we show CT

l and P(k) for two models: $CDM with f! = 0 and $MDM with N! = 3 massive neutrinos
and a total density fraction f! = 0.1. We also display for comparison the neutrinoless model of Section 4.4.6. In all
models, the values of ("b, "m, #$, As, n, %) have been kept fixed, with the increase in "! being compensated by a
decrease in "cdm. There is a clear difference between the neutrinoless and massless neutrino cases, caused by a large

J. Lesgourgues, S. Pastor / Physics Reports 429 (2006) 307 –379 341

we used the Poisson equation

− k2

a2 ! = 4"G#$, (125)

to show that inside the Hubble radius, the density contrast #cdm = #b grows like [a2($̄cdm + $̄b)]−1, i.e. like a linear
function of the scale factor. The fact that linear structure formation corresponds to a constant gravitational potential
sounds counter-intuitive at first sight. Actually, it results from an exact compensation between clustering and the
stretching of spacetime. During gravitational collapse, the non-relativistic matter density perturbations #$ do not grow
with time, as one would naively expect from a common intuition based on a static Universe. Instead, #$ decreases, but
only like a−2 and not as fast as the dilution factor a−3, so that the density contrasts #$/$̄ actually grows like a. The
behaviour #$ ∝ a−2 corresponds precisely to a static potential, since the gradient !! = −(k/a)2! also decreases like
a−2 due to the stretching of space-time.

Let us restore now the neutrino background. During matter domination and on scales smaller than the free-streaming
scale, the neutrino perturbations #% do not contribute to gravitational clustering. Indeed, we have seen in Sections 4.5.4
and 4.5.5 that free-streaming leads to #%>#cdm, and since $̄% < $̄cdm we see that #$̄%>#$̄cdm: so, neutrinos can be
simply omitted from the Poisson equation. On the other hand, they do contribute to the homogeneous expansion through
Friedmann equation. Therefore the exact compensation between clustering and expansion described in the previous
paragraph is slightly shifted: the balance is displaced in favour of the expansion effect, and we expect & = ! to decay
slowly, while #cdm = #b should grow not as fast as the scale factor. This mechanism, first described and quantified in
Ref. [70], belongs to the first of the two categories defined at the beginning of this subsection: physically, it is a pure
background effect, which leads to a modified evolution of metric and matter perturbations.

Let us estimate the magnitude of this effect in the same fashion as in the pioneering paper [70]. At any time we can
combine the continuity and Euler equations of CDM perturbations (39) and (40) into

#̈cdm + ȧ

a
#̇cdm = −k2& + 3

(
!̈ + ȧ

a
!̇
)

, (126)

but well-inside the Hubble radius the source term is dominated by the comoving gradient −k2&, which is approximately
equal to −k2! as soon as the neutrino shear can be neglected. This gradient is given by the Poisson equation, and we
obtain

#̈cdm + ȧ

a
#̇cdm = 4"Ga2#$, (127)

where #$ is the total density perturbation. In absence of neutrinos and deep inside the matter-dominated regime, we
would have #cdm = #b, a total density perturbation #$ = ($̄cdm + $̄b)#cdm, an expansion rate given by 3(ȧ/a)2 =
8"Ga2($̄cdm + $̄b) ∝ a−1, a scale factor a ∝ '2, and the equation would read

#̈cdm + 2
'
#̇cdm − 6

'2 #cdm = 0, (128)

with two solutions #cdm ∝ '2 and #cdm ∝ '−3. Neglecting the decaying mode we recover the standard result #cdm ∝ a.
Now, let us consider instead the case with massive neutrinos, still deep inside the matter-dominated regime and on scales
k?knr, so that #$% does not contribute to the Poisson equation: #$ = ($̄cdm + $̄b)#cdm, while the neutrino background
density does contribute to the expansion rate: 3(ȧ/a)2 = 8"Ga2($̄cdm + $̄b + $̄%). Let us assume that $̄% is dominated
by non-relativistic neutrinos, so that it decays approximately like a−3, and the number

f% ≡ $%
($cdm + $b + $%)

= (%

(m
(129)

remains approximately constant. Then, the scale factor still evolves like '2 and the equation of evolution reads

#̈cdm + 2
'
#̇cdm − 6

'2 (1 − f%)#cdm = 0. (130)

Lesgourgues & Pastor, Phys.Rept. 429 (2006) 307-379



Inflation

• Original motivation? Dilutes monopoles and other exotica


• Predicts: Flat, Homogeneous, isotropic universe


• Predicts: Super-horizon adiabatic fluctuations


• Predicts: Perturbations with nearly scale invariant (“almost white”) spectrum


!

• Predicts: Tensor (gravity) perturbations
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Dedicated Telescopes for fine angular 
scale CMB measurements

• Exceptional high and dry sites for dedicated CMB observations.  
• Exploiting ongoing revolution in low-noise bolometer cameras 
• Also, BICEP3, not exist yet, but will be at Pole this year.

12

10m South Pole Telescope 
http://pole.uchicago.edu 

6m Atacama Cosmology Telescope 
http://www.physics.princeton.edu/act/

3m  Huan Tran Telescope  
http://bolo.berkeley.edu/polarbear



Clusters and the Sunyaev-Zeldovich effect



Zoom in on an SPT map!
50 deg2 from  
2500 deg2 survey



Probing structure growth: Galaxy clusters



Sunyaev-Zeldovich effect

Decrement in CMB for ν <220 GHz

Depends on gas density (cluster mass)

Does not depend on redshift



Zoom in on an SPT map!
50 deg2 from  
2500 deg2 survey

Cluster	
  of	
  Galaxies

Clusters	
  -­‐	
  High	
  signal	
  to	
  noise	
  
SZ	
  galaxy	
  cluster	
  detec9ons	
  as	
  
“shadows”	
  against	
  the	
  CMB!	
  



Growth of structure



Accelera'on*

Decelera'on*

SZ cluster survey

Reichardt et al., ApJ 763 (2013) 127 
Benson et al., ApJ 763 (2013) 147

Depends on gas density (cluster mass)

Does not depend on redshift



SPT-SZ cluster cosmology

20

Area 
(deg

Depth 
(uK-arcmin)

N

Planck All-sky 45 861

SPT 2500 17 522

ACT 950 23-40 91

•  SPT-SZ cluster catalog reveals the 
growth of structure.!

• SPT has more than doubled the number 
of z > 0.5 massive clusters!

• Ongoing mass calibration for dark energy 
and neutrino mass constraints from growth 
of structure.

Bleem et al., 2014,   arXiv:1409.0850
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Lensing



22

Large-Scale!
Structure!
Lenses the CMB

• RMS deflection of ~2.5’!
• Lensing efficiency peaks at 
z ~ 2, or 7000 Mpc distance!
• Coherent on ~degree 
(~300 Mpc) scales



17°x17°

from Alex van Engelen

Lensing of the CMB



17°x17°

from Alex van Engelen

Lensing of the CMB



high resolution and sensitivity map 
of the CMB from SPT 
covering 1/16 of the sky

(2500 square degrees)



Lensing convergence map smoothed to 1 deg resolution  
from CMB lensing analysis of SPT 2500 deg2 survey

CMB Lensing Map 
reconstruction of mass projected along 
the line of sight to the CMB



“Mass Map” from Planck, ~70% of sky

Complementary to SPT’s map: noisier but all-sky.



It’s really the Dark Matter: 
100 sq. deg. of Herschel SPIRE data on “SPT deep field” 

RGB = 500,350,250 um 



It’s really the Dark Matter: 

Smooth 500um map 
to ~1 degree scales 
 (~100 com. Mpc).   

!

!

!



It’s really the Dark Matter: 

Smooth 500um map 
to ~1 degree scales 
 (~100 com. Mpc).   

!
!
Add mass contours 
from SPT CMB 
lensing.

!



It’s really the Dark Matter: 

Smooth 500um map 
to ~1 degree scales 
 (~100 com. Mpc).   

!
!
Add mass contours 
from SPT CMB 
lensing. 

!
~10σ correlation signal

Holder et al. 2013 



Lensing convergence map smoothed to 1 deg resolution  
from CMB lensing analysis of SPT 2500 deg2 survey

CMB Lensing Map 
reconstruction of mass projected along 
the line of sight to the CMB



Neutrino masses

• Perturbations are 
washed out on 
scales smaller than 
neutrino free-
streaming scale 

• current upper bounds from 
CMB are WMAP: mnu < 1.3 
eV ; WMAP+BAO+H0: mnu < 
0.56 eV

d ⇥ T�/m� � 1/H

Neutrino masses

• Perturbations are 
washed out on 
scales smaller than 
neutrino free-
streaming scale 

• current upper bounds from 
CMB are WMAP: mnu < 1.3 
eV ; WMAP+BAO+H0: mnu < 
0.56 eV

d ⇥ T�/m� � 1/H

∑mν = 100 meV → 5%

Neutrino mass



• CMB polarized via Thomson scattering and local anisotropy (e.g. Sun 
scattering in atmosphere)

CMB polarimetry

e-

Sun

E



• CMB polarized via Thomson scattering and local anisotropy (e.g. Sun 
scattering in atmosphere)


• Density/Temperature anisotropy generates intrinsic CMB polarization

CMB polarimetry: E-modes

Cold    Hot   Cold   Hot    Cold

!
• Symmetric under “parity” 
         k       -k 

• “E-mode” only

1.2 The Cosmic Microwave Background 13
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Figure 1.5: The polarization pattern on the sky can be characterized in terms of a scalar
(E) and a pseudo-scalar (B) field [63, 128]. E and B differ in their behaviour under parity
transformation: B changes sign while E does not. This can be seen in the figure above.
The E patterns when reflected about the vertical axis do not change while the B patterns
change handedness. The E-B decomposition is a linear transformation of the Q-U (Stoke’s
parameters [60]) fields on the sky. This transformation is invertible, and makes E and B
invariant under translation or rotations of the sky coordinate system. These conditions
imply the transformation must be non local [127]. The values of E and B at a point Θ in
the sky are computed by averaging the (Qr, Ur) Stoke’s parameters defined based on the
radial directions about Θ. The averages of Qr construct E, and averages of Ur construct
B. The weight along circles centered at Θ should be constant, but each circle is typically
weighted by the inverse of its radius. The CMB polarization is expected to generate zero
circular polarization; hence the Stoke parameter V is zero.
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Figure 1.5: The polarization pattern on the sky can be characterized in terms of a scalar
(E) and a pseudo-scalar (B) field [63, 128]. E and B differ in their behaviour under parity
transformation: B changes sign while E does not. This can be seen in the figure above.
The E patterns when reflected about the vertical axis do not change while the B patterns
change handedness. The E-B decomposition is a linear transformation of the Q-U (Stoke’s
parameters [60]) fields on the sky. This transformation is invertible, and makes E and B
invariant under translation or rotations of the sky coordinate system. These conditions
imply the transformation must be non local [127]. The values of E and B at a point Θ in
the sky are computed by averaging the (Qr, Ur) Stoke’s parameters defined based on the
radial directions about Θ. The averages of Qr construct E, and averages of Ur construct
B. The weight along circles centered at Θ should be constant, but each circle is typically
weighted by the inverse of its radius. The CMB polarization is expected to generate zero
circular polarization; hence the Stoke parameter V is zero.



• CMB polarized via Thompson scattering and local anisotropy (e.g. Sun 
scattering in atmosphere)


• Density/Temperature anisotropy generates intrinsic CMB polarization

CMB polarimetry: E-modes

• EE power spectrum is a 
different probe of same 
physics producing TT 
spectrum

Spectra generated with WMAP7 parameters using CAMB, Lewis and Challinor

TT

EE



2012 SPTpol 100 deg2 deep field polarization  
E-mode polarization visible by eye in 150 GHz Stokes Q & U

Q U
Central 100 deg2 of BICEP2 field; 
90 and 150 GHz 
(150 GHz shown)

depth 8uK arcmin



2012 SPTpol 100 deg2 deep field EE

Abby Crites et al., in prep

(arXiv:1405.5524)

PRELIMINARY	
  SPT! 
(150	
  GHz	
  data	
  only)

SPT sample variance limited ←



E-mode polarization visible by eye in150 GHz 
Stokes Q & U

39

Q

depth 14uK arcmin

2013 SPTpol 500 deg2 field  
(covers BICEP2 region)

 
90 & 150 GHz 
(150 GHz shown)



2013 SPTpol 500 deg2 field  
(covers BICEP2 region)

E-mode polarization visible by eye in150 GHz 
Stokes Q & U

40

U

 
90 & 150 GHz 
(150 GHz shown)



CMB Lensing via CMB polarization
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• CMB polarized via Thompson scattering and local anisotropy (e.g. Sun 
scattering in atmosphere)


• Density/Temperature anisotropy generates intrinsic CMB polarization

CMB polarimetry: E-modes & B-modes

• parity odd patterns, “B-
modes” 

• Gravitational lensing of “E-
modes” (shearing) 

• Gravitational waves from 
inflation

Spectra generated with WMAP7 parameters using CAMB, Lewis and Challinor

TT
EE

BBlens
BBinfl

1.2 The Cosmic Microwave Background 13
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Figure 1.5: The polarization pattern on the sky can be characterized in terms of a scalar
(E) and a pseudo-scalar (B) field [63, 128]. E and B differ in their behaviour under parity
transformation: B changes sign while E does not. This can be seen in the figure above.
The E patterns when reflected about the vertical axis do not change while the B patterns
change handedness. The E-B decomposition is a linear transformation of the Q-U (Stoke’s
parameters [60]) fields on the sky. This transformation is invertible, and makes E and B
invariant under translation or rotations of the sky coordinate system. These conditions
imply the transformation must be non local [127]. The values of E and B at a point Θ in
the sky are computed by averaging the (Qr, Ur) Stoke’s parameters defined based on the
radial directions about Θ. The averages of Qr construct E, and averages of Ur construct
B. The weight along circles centered at Θ should be constant, but each circle is typically
weighted by the inverse of its radius. The CMB polarization is expected to generate zero
circular polarization; hence the Stoke parameter V is zero.



Measuring CMB lensing B-modes



E
SPTpol



E
SPTpol

Φ
CIB (Herschel)

Traces DM/lensing potential
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E
SPTpol

Synthesized lensing 
B

Φ
CIB (Herschel)

Cross template w/ B-mode map and look for signal



7.7σ detection of CMB lensing B-modes 

null test

Hanson et. al., PRL, 111 (2013)
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B-modes: From detection to precision



2001: ACBAR!
16 detectors

2007: SPT!
960 detectors

ACBAR was the first experiment to make a 
“background limited” detector. Since then, only way 
to increase sensitivity is to have more detectors

2012: SPTpol!
~1600 detectors

2016: SPT-3G!
~15,200 detectors

Increase sensitivity with more detectors

• Larger focal plane (bigger arrays and more 

of them)

• Increase detector “density” (measure more 

optical modes per optical element)

• SPT-3G timeline. Similar for PB-II/Simons 

Array, BICEP3/T-REX, and extended ACTpol

Pol

Pol



Increasing detector density: the basic idea

Heat sink (~280 mK)

TES

Thermalization 
structures

Antenna 
(w/ pol)

Transmission line

Thermal isolation



Increasing detector density: the basic idea

Heat sink (~280 mK)

TES

Thermalization 
structures

Antenna 
(w/ pol)

Transmission line

Thermal isolation

Superconducting channelizer

TES

Thermalization 
structures

TES

Thermalization 
structures



Large arrays of Multi-chroic pixels

“X”$polariza,on$

“X”$polariza,on$

“Y”$
polariza,on$

“Y”$
polariza,on$

150$GHz$

Bo
lo
m
et
er
$ Bolom

eter$

Filter$

Broadband$
Antenna$

150$GHz$

90$GHz$

90$GHz$

• Multi-chroic pixels observe multiple frequency 
bands in a single pixel


• Increases the detector density for fixed area.

Suzuki et al., Proc. SPIE 8452, Mm, Sub-mm, and Far-IR Detectors 
and Instr. for Astro. VI, 84523H (October 5, 2012) !
Datta et al.,Journal of Low Temperature Physics 
September 2014, Volume 176, Issue 5-6, pp 670-676

NIST

BerkeleyANL



SPT-3G goals (first light early 2016)

• Target 10x mapping speed of SPTpol

• 16,000 bolometer array

• Reduce optical load

• Double FOV


• Target 2500 deg2 to 3 uK depth

B-modes	


(Inflation)

B-modes	


(lensed)

Planck 
SPTpol 
SPT-3G



SPT-3G goals (first light early 2016)

• Target 10x mapping speed of SPTpol

• 16,000 bolometer array

• Reduce optical load

• Double FOV


• Target 2500 deg2 to 3 uK depth

B-modes	


(Inflation)

B-modes	


(lensed)

Planck 
SPTpol 
SPT-3Gσ(N σ(Σm σ(

Planck 0.14 117 meV 0.06

SPTpol 0.12 96 meV 0.03

SPT-3G 0.06 61 meV 0.01
* includes projections from BOSS

σ(Σmν)σ(Neff) σ(r)



Future science with B-modes: CMB-S4



Experimental	
  Evolu0on

2000 2005 2010 2015 2020

10
−4

10
−3

10
−2

10
−1

W
M

AP

Planck

CM
B−S4

Year

A
p

p
ro

xi
m

a
te

 r
a

w
 e

xp
e

ri
m

e
n

ta
l s

e
n

si
tiv

ity
 (

µ
K

)

 

 

Space based experiments

Stage−I − ≈ 100 detectors

Stage−II − ≈ 1,000 detectors

Stage−III − ≈ 10,000 detectors

Stage−IV − ≈ 100,000 detectors

Detec0on	
  of	
  B-­‐mode	
  polariza0on



2001: ACBAR!
16 detectors

2007: SPT!
960 detectors

2012: SPTpol!
~1600 detectors

2016: SPT-3G!
~15,200 detectors

2020?: CMB-S4!
200,000+ detectors

Pol

Pol

Evolution of CMB Focal Planes

Stage-2

Stage-3

Stage-4

CMB Stage-4 Experiment!
Described in Snowmass CF5: !

Neutrinos: arxiv:1309.5383 !
Inflation: arxiv:1309.5381 

Pol



‘CMB-­‐S4’	
  	
  Stage	
  4	
  CMB	
  experiment 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Primary technical challenge will be the 
scaling of the detector arrays

- 200,000 - 500,000 detectors on multiple platforms 
- span 40 - 240 GHz for foreground removal 
- target noise of ~1 uK-arcmin depth over half the sky 
- start ~2020 



Projected CMB Constraints

  σ(r) σ σ(

Current CMB 0.1 0.34 117 meV
2016 Stage 2: SPTpol 0.03 0.12 96 meV
2020 Stage 3: SPT-3G 0.01 0.06 61

2024 Stage 4: CMB-S4 0.001 0.02 16

!!
The CMB measurements will achieve important benchmarks:!

• Energy scale of inflation? Test large vs small field inflation!
• Dark Radiation?  New physics in neutrino or dark sector?!
• Cosmological detection of neutrino mass, Σmν.!

 !Snowmass: CF5 Neutrinos + Inflation documents arXiv:1309.5383, 1309.5381,  
see also Wu et al., arXiv:1402.4108

a Includes BOSS prior 
b Includes DESI prior

  σ(r) σ(Neff) σ(Σmν)

61a meV

16b meV

http://arxiv.org/abs/1402.4108
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The money plot



Systematics - I

• Jackknife: 

• Split maps along some criteria. 

• Subtract maps from each other. Common sky signal 
cancels. 

• Systematic effects may not difference away. 

• Vary split criteria to investigate spectrum of 
systematics.



Systematics - I



Systematics - II

• All systematics can be referred to “the sky” as an 
effective “beam” 

• Leakage: Errors in polarization signal reconstruction can 
create false B-mode signal. Most dangerous is leakage 
from CMB T/E signals as those are the brightest. 

• Map beam response to a source and simulate impact on 
data.



Systematics - II



Systematics - III

• Cross-correlation of signal with other measurements is 
powerful as only sky signal and systematics in common 
between the experiments remains. 

• Cross-correlate B2 with full B1 data (different focal plane, 
less sensitivity) and KECK array (different platform)



Systematics - III



Foregrounds

• Spectral information is best discriminator of foregrounds 
vs CMB. Cross-spectrum with B1 100 GHz.



Foregrounds

• most pernicious 
foreground at 150 GHz 
will be polarized galactic 
dust emission 

• Consider several dust 
models and compare 
shape of angular 
spectrum and cross-
correlation


