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1. Cosmology — CMB, Inflation, B-modes

2. The Compact Refractor Strategy — BICEP/Keck

3. BICEP2+Keck+Planck (BKP) results

Detectors, Receivers, Site, Observing

4. What’s under way and coming up next? 
multi-frequency Keck, BICEP3
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CMB in the story of the Universe
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We are here.
Universe 

appears to be 
expanding!

Oldest direct light comes 
from here; blackbody relic 

of a small, hot, dense 
Universe
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Cosmic Microwave Background (CMB)
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2.7K blackbody, homogenous, isotropic..The Horizon Problem

J . F i l ipp in i  -  Pr inceton -  Apr i l  1 , 2014

Homogeneous, isotropic, spatially flat, no unwanted relics, …

COBE DMR
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Cosmic Microwave Background (CMB)
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Planck Collaboration: The Planck mission
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Fig. 25. Measured angular power spectra of Planck, WMAP9, ACT, and SPT. The model plotted is Planck’s best-fit model including Planck
temperature, WMAP polarization, ACT, and SPT (the model is labelled [Planck+WP+HighL] in Planck Collaboration XVI (2013)). Error bars
include cosmic variance. The horizontal axis is `0.8.

than that measured using traditional techniques, though in agree-
ment with that determined by other CMB experiments (e.g.,
most notably from the recent WMAP9 analysis where Hinshaw
et al. 2012c find H0 = (69.7 ± 2.4) km s�1 Mpc�1 consis-
tent with the Planck value to within ⇠ 1�). Freedman et al.
(2012), as part of the Carnegie Hubble Program, use Spitzer
Space Telescope mid-infrared observations to recalibrate sec-
ondary distance methods used in the HST Key Project. These
authors find H0 = (74.3±1.5±2.1) km s�1 Mpc�1 where the first
error is statistical and the second systematic. A parallel e↵ort by
Riess et al. (2011) used the Hubble Space Telescope observa-
tions of Cepheid variables in the host galaxies of eight SNe Ia to
calibrate the supernova magnitude-redshift relation. Their ‘best
estimate’ of the Hubble constant, from fitting the calibrated SNe
magnitude-redshift relation is, H0 = (73.8 ± 2.4) km s�1 Mpc�1

where the error is 1� and includes known sources of systematic
errors. At face value, these measurements are discrepant with the
current Planck estimate at about the 2.5� level. This discrep-
ancy is discussed further in Planck Collaboration XVI (2013).

Extending the Hubble diagram to higher redshifts we note
that the best-fit⇤CDM model provides strong predictions for the
distance scale. This prediction can be compared to the measure-
ments provided by studies of Type Ia SNe and baryon acoustic
oscillations (BAO). Driven in large part by our preference for
a higher matter density we find mild tension with the (relative)
distance scale inferred from compilations of SNe (Conley et al.
2011; Suzuki et al. 2012). In contrast our results are in excellent

agreement with the BAO distance scale compiled in Anderson
et al. (2012).

The Planck data, in combination with polarization measured
by WMAP, high-` anisotropies from ACT and SPT and other,
lower redshift data sets, provides strong constraints on devia-
tions from the minimal model. The low redshift measurements
provided by the BAO allow us to break some degeneracies still
present in the Planck data and significantly tighten constraints on
cosmological parameters in these model extensions. The ACT
and SPT data help to fix our foreground model at high `. The
combination of these experiments provides our best constraints
on the standard 6-parameter model; values of some key parame-
ters in this model are summarized in Table 9.

From an analysis of an extensive grid of models, we find no
strong evidence to favour any extension to the base ⇤CDM cos-
mology, either from the CMB temperature power spectrum alone
or in combination with Planck lensing power spectrum and other
astrophysical datasets. For the wide range of extensions which
we have considered, the posteriors for extra parameters gener-
ally overlap the fiducial model within 1�. The measured values
of the ⇤CDM parameters are relatively robust to the inclusion
of di↵erent parameters, though a few do broaden significantly if
additional degeneracies are introduced. When the Planck likeli-
hood does provide marginal evidence for extensions to the base
⇤CDM model, this comes predominantly from a deficit of power
(compared to the base model) in the data at ` < 30.

The primordial power spectrum is well described by a
power-law over three decades in wave number, with no evidence

35

.. anisotropies only at ~10-5
Planck Collaboration, 2013
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12 COSMIC MICROWAVE BACKGROUND 196

Figure 8: Randomly generated skies containing only a single multipole ℓ. Staring from top
left: ℓ = 1 (dipole only), 2 (quadrupole only), 3 (octopole only), 4, 5, 6, 7, 8, 9, 10, 11, 12.
Figure by Ville Heikkilä.

Figure 9: The rough correspondence between multipoles ℓ and angles.
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Figure 9: The rough correspondence between multipoles ℓ and angles.

Small scales

2.7K blackbody, homogenous, isotropic..
Angular power spectrum
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Cosmic Microwave Background (CMB)

• CMB, SN, BAO, clusters = LCDM

• How so homogenous? < degree scales should be causally disconnected! 

• What seeds structure and T anisotropies?

4

Planck Collaboration: The Planck mission
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Small scales

2.7K blackbody, homogenous, isotropic..
Angular power spectrum
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Inflation generates scalar and tensor perturbations
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Inflation generates scalar and tensor perturbations
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GUT-scale physics!?

B ICEP2 -  Ca l tech -  March 17, 2014

r=ratio of tensor to scalar perturbation amplitude 
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GWB imprints CMB

6
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Thomson scattering off electrons polarizes CMB
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Quadrupole
Anisotropy

Thomson 
Scattering

e–

Linear 
Polarization

ε'

ε'

ε

Fig. 1.— Thomson scattering of radiation with a quad-
rupole anisotropy generates linear polarization. Blue
colors (thick lines) represent hot and red colors (thin
lines) cold radiation.

dent radiation field possesses a quadrupolar variation in
intensity or temperature (which possess intensity peaks
at 90◦ = π/2 separations), the result is a linear polar-
ization of the scattered radiation (see Fig. 1). A reversal
in sign of the temperature fluctuation corresponds to a
90◦ rotation of the polarization, which reflects the spin-
2 nature of polarization.

In terms of a multipole decomposition of the ra-
diation field into spherical harmonics, Y m

ℓ (θ,φ), the
five quadrupole moments are represented by ℓ = 2,
m = 0,±1,±2. The orthogonality of the spherical har-
monics guarantees that no other moment can generate
polarization from Thomson scattering. In these spheri-
cal coordinates, with the north pole at θ = 0, we call a
N-S (E-W) polarization component Q > 0 (Q < 0) and
a NE-SW (NW-SE) component U > 0 (U < 0). The
polarization amplitude and angle clockwise from north
are

P =
√

Q2 + U2, α =
1

2
tan−1(U/Q) . (2)

Alternatively, the Stokes parameters Q and U repre-
sent the diagonal and off diagonal components of the
symmetric, traceless, 2 × 2 intensity matrix in the po-

larization plane spanned by (êθ, êφ),

E∗
i Ej −

1

2
δijE

2 ∝ Qσ3 + Uσ1 , (3)

where σi are the Pauli matrices and circular polarization
is assumed absent.

If Thomson scattering is rapid, then the randomiza-
tion of photon directions that results destroys any quad-
rupole anisotropy and polarization. The problem of un-
derstanding the polarization pattern of the CMB thus
reduces to understanding the quadrupolar temperature
fluctuations at last scattering.

Temperature perturbations have 3 geometrically dis-
tinct sources: the scalar (compressional), vector (vorti-
cal) and tensor (gravitational wave) perturbations. For-
mally, they form the irreducible basis of the symmetric
metric tensor. We shall consider each of these below
and show that the scalar, vector, and tensor quadru-
pole anisotropy correspond to m = 0,±1,±2 respec-
tively. This leads to different patterns of polarization
for the three sources as we shall discuss in §3.

m=0

v

Scalars
(Compression)

hot

hot

cold

Fig. 2.— The scalar quadrupole moment (ℓ = 2, m =
0). Flows from hot (blue) regions into cold (red), v ∥ k,
produce the azimuthally symmetric pattern Y 0

2 depicted
here.

2.2. Scalar Perturbations

The most commonly considered and familiar types of
perturbations are scalar modes. These modes represent

3

Cold

Hot

Hu & White 1997
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Perturbations are seen as quadrupolar T anisotropies!

k

k
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CMB Polarization

E

B

E-Mode Polarization

B-Mode Polarization

E

B
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Understanding CMB Polarization angular power
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Intensity

Planck’s all sky CMB  
temperature map  

scale ±500 µK 

Large scales

12 COSMIC MICROWAVE BACKGROUND 196
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Figure 9: The rough correspondence between multipoles ℓ and angles.
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Small scales
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Understanding CMB Polarization angular power

11

Intensity

Planck’s all sky CMB  
temperature map  

scale ±500 µK 

Polarization

BICEP2’s CMB polarization map

filtered l=50-120
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Understanding CMB Polarization angular power
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Intensity

Planck’s all sky CMB  
temperature map  

scale ±500 µK 

Polarization

BICEP2’s CMB polarization map

filtered l=50-120
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Small scales
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BICEP2’s CMB polarization map

Stokes Q Stokes U

Polarization

Understanding CMB Polarization angular power
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...clever choice for cosmology: E&B-modes

E-mode B-mode

E-mode

B-mode

Polarization

Understanding CMB Polarization angular power

BICEP2’s CMB polarization map
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E-mode

Primordial B-mode
lensing B-mode

In standard ΛCDM only E-modes are 
present at last scattering

Lensing by 
intervening 
structure 
converts some to 
B-modes

Inflationary gravity waves produce B-
modes peaking at l≈100 : degree scales.
Measure tensor-to-scalar ratio, r

Understanding CMB Polarization angular power

Foregrounds

Foregrounds also generate polarized 
emission. Can be teased apart from 
different spectral dependence cf CMB
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Mass-produced superconducting detectors

16

Planar 
antenna 
array

Slot antennas

Transition edge sensor (0.27K)

Focal plane
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Compact receiver + Cold Optical Design
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• Telescope as compact as 
possible while still having the 
angular resolution to observe 
degree-scale features.

• On-axis, refractive optics 
allow the entire telescope to 
rotate around boresight for 
polarization modulation.

• Optical elements are cooled 
to ~4K to reduce internal 
loading

• A 3-stage helium sorption 
refrigerator further cools the 
detectors to 0.27 K.

Lens

Nylon filter

Lens

Nb magnetic shield

Focal plane assembly
Passive thermal filter

Flexible heat straps

Refrigerator

Fridge mounting bracket

Camera plate

C
am

er
a 

tu
be

O
pt

ic
s 

tu
be

1.2 m

25cm
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Situated at a high, dry desert
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South Pole Research Station,  Antarctica
~10,000ft, ~0.25mm PWV

6 months of cold, stable winter sky with uninterrupted integration

BICEP2/3 Keck Array
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BICEP2 design replicated into the Keck Array
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• 5 receivers in single mount 
• Pulse-tube cooler operation to avoid 

liquid cryogens
• Same site, receiver insert, observation 

strategy etc.

Multiply BICEP2 x5

Keck receiver vacuum shell simplified compared to B2 for cryogen-free operation

Martin A. Pomerantz Observatory

Inside Keck Ground Shield

BICEP2
A Keck Receiver
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Keck = Array of BICEP2-like receivers
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A. G. Vieregg

December 2011

!54

Single Receiver
All receivers in MAPO lab

Craned up and ready for loading

Insert grad student as necessary
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BICEP2+Keck through 2013 (150 GHz)
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Observation at 150 GHz focused on ~400 
deg2 patch = 1% of the sky

BICEP2 + Keck thru 2013 → Final map 
depth: 3.4 μK arcmin / 57 nK deg  

(RMS noise in sq-deg pixels)

BB power spectrum shows excess 
over lensed ΛCDM at degree scales.  
To investigate this, we do a joint 

analysis w/ Planck, which has 
frequency bands w/ sensitivity to 

dust

l
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Galactic dust 
emission strong 
at high 
frequencies

Galactic 
synchrotron 
emission strong 
at low 
frequencies

CMB most 
uncontaminated 
at mid 
frequencies and 
high latitude

Spectral dependence of CMB & contaminants

Planck

Planck Collaboration
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Planck 353 GHz

• Planck is the third generation space 
mission to observe the CMB: observes the 
full sky in multiple frequency bands.

• Full sky measurement, but in any given sky 
patch much less deep than BICEP2+Keck

• 353 GHz band is very sensitive to 
polarized dust emission

24

Planck 353GHz maps in BICEP2+Keck sky region with 
full simulation of observation and filtering applied plus 
apodization

Q

U
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Compare BK 150 GHz (left) with Planck 353 GHz (right)

25

T maps same color stretch 

Q/U maps x10 color stretchDominated by LCDM E-modes Dominated by noise & dust

Dominated by LCDM T Dominated by LCDM T
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• Correlation of 150 GHz and 353 GHz B-modes is detected with high 
signal-to-noise.

• Scaling the cross-frequency spectrum by the expected brightness 
ratio (x25) of dust (right y-axis) indicates that dust contribution is 
comparable in magnitude to BICEP2+Keck excess over ΛCDM.

26

BB Spectra
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Multi-component multi-spectral likelihood analysis
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• Use single- and cross-frequency spectra 
between BK 150 GHz and Planck 217 & 
353 GHz channels. 

• Vary r and amplitude of dust,  Ad

• Dust is detected with 5.1 σ significance

• r likelihood peaks at 0.05 but constraint 
consistent with zero; r < 0.12 (95% CL)
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State of the field (BB power spectrum)

28
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Comparison of signal levels and noise uncertainties

• The BICEP2+Keck noise is lower than the Planck noise in observed patch

• The noise in the cross spectra is the geometric mean providing high sensitivity to dust 
for 150x353. Thus a tight constraint can be set on dust amplitude.

• Noise in P353 is the limiting factor and to make further progress; better data at 
frequencies other than 150 GHz is required

29

Noise uncertainty and 
signal levels in single 
ell=80 bandpower
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Moving ahead in the short term..
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• Increase frequency coverage — acquire more 
map depth at 95 GHz, 220 GHz. 

• If necessary, continue to integrate deeper

• Compact receiver, targeted 
observation strategy successful — 
retain these elements

• Scaling to 5+ B2/Keck-style receivers 
becomes logistically challenging

How to do it?

What to do next?

Starting to see foreground!
• Foreground dust significant component at 150 GHz
• Not sufficient Planck S/N to pick out ‘r’ if buried in 

there
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Detectors Designed to Scale in Frequency

Keck now observing at 
multiple frequencies

• Changed 2 focal planes to 
95 GHz in 2014

• Changed 2 focal planes to 
220 GHz in 2015

31

95#GHz

150#GHz

220#GHz

95#GHz

220#GHz

150#GHz

Keck 2014, 2015 multi-frequency upgrades

New in 2014: Keck Array Upgraded to 100 GHz

• 2 Receivers now at 100 GHz 

• Frequency coverage: important for immediate 
feedback on color
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BICEP3 
(2015-)
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Scale to a super-receiver w/ 10x throughput
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*comparisons at 95 GHz

Scale to a super-receiver with 10x throughput

B2/Keck BICEP3
Aperture 
aperture

260mm 680mm
Optics f/2.4 f/1.6
FOV 18 deg 28 deg

Beams 0.7 deg 0.35 deg
Dets 288 2560
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December 2015: BICEP3 assembly at South Pole

34

Optics tube installation 

Focal Plane assembly 

Cryogenics close up
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January 2015: Installed in BICEP mount
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Replaces BICEP2 in Dark Sector Lab at South Pole
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First light: See CMB T anisotropies in 6 hours!
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BICEP3 first six hours of test CMB scans, 
 no filtering, approximate noise weighting and calibration 
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First light: Compare with WMAP 9 yr

37

WMAP 9yr T anisotropies as seen in BICEP field
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Recall likelihood from BKP
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Data Included:
● BK150 GHz (through 2013)
● Planck 217 and 353 GHz

  

Likelihood results from a basic lensed-ΛCDM+r
+dust model, fitting the 5 lowest bandpowers of the 
BB auto- and cross-spectra taken between maps at 
the above frequencies.

The Maximum likelihood on the grid has:
  r = 0.05, Ad = 3.3 μK2

CMB (BKP ML point)

For dust SED use modified blackbody model and 
marginalize over range βd=1.59±0.11

We assume no synchrotron contribution here.

Foregrounds only PTE = 8.0%   
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Likelihood forecast for BKP through 2015
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Data Included:
● BK150 GHz (through 2013)
● Planck 30 - 353 GHz
● BK 95 GHz, 220 GHz (through 2015) 

Contours are projected likelihood contours centered 
on different expectation values:
  r = 0.05, Ad = 3.3 μK2

CMB (BKP ML point)

  r = 0,      Ad = 3.8 μK2
CMB

Both cases here assume synchrotron contribution, 
βs=-3.3 and Async = 3e-4 μK2

CMB (current BKP 95% 

upper limit).

Foregrounds only PTE = 0.6%    
— or —
 r < 0.041 (95%)   
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Conclusions

• BICEP2+Keck sees excess power over ΛCDM at degree scales
• Joint analysis with Planck finds dust at high significance
• Progress requires multi-frequency observation beyond Planck 

sensitivity
• Keck 95 GHz, 220 GHz in the field and taking data
• BICEP3 provides 10x scaling for faster CMB polarimetry

40
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Thanks for your attention!


