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Introduction

• CLASS is a new instrument designed to study the physics of the very early 
Universe.

• The early Universe is believed to include an epoch of accelerating expansion 
called inflation.

• Many models have been developed to describe inflation. These models are 
being constrained (even ruled out) by current measurements.

• Measurement of the polarization of the CMB is the only known way (in the 
near future) to probe the energy scale of inflation. 
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Definition of inflation

• Graphic description
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• Dilution of relics (historic motivation) 

Topological defectsMonopoles

Massive super-partners String theory exotica

• Flatness problem:

Fine Tuned!
�0.0246 < ⌦k < 0.0037

95 % CL

From LAMBDA web page

|⌦k(1 sec)| < 10�16

Inflation

Measurements of inflation

Thursday, April 26, 12



• Horizon problem

⇥10

5
contrast

Full Sky

Causal Patch 
~ 2 degrees

Image: map.gsfc.nasa.gov

• Structure formation

Inflation

Measurements of inflation
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Measurements of inflation J
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Figure 1. Posterior probabilities of the parameters of the HZ model (red) and the tilted model
(black). The dotted orange line denotes constraints on !b from BBN and the dotted maroon line
represents the HST prior on H0.

HZ tilted
!b 0.0239 ± 0.0007 0.0224 ± 0.001
!c 0.114 ± 0.007 0.116 ± 0.007
h 0.728+0.027

!0.026 0.694+0.032
!0.030

" 0.108+0.036
!0.034 0.083+0.032

!0.029
log

!

1010AS

"

3.14 ± 0.07 3.12 ± 0.06
nS – 0.955+0.024

!0.026

#8 0.853 ± 0.048 0.822+0.047
!0.045

Table 1. Mean parameter values and bounds of the central 95%-credible intervals for the HZ model
and the tilted model.

4 Constraints on the simplest models of inflation

4.1 Motivations

Most inflationary model discussed in the literature lead to a power-law scalar spectrum, i.e.,
to a negligible running of the scalar tilt. This follows from a well-known argument which can
be summarised in the following way. The function accounting for the Hubble parameter as a
function of the field (or as a function of the number of e-folds) can be expanded around any
value in an infinite hierarchy of slow-roll parameters $n, each one accounting for the logarith-
mic derivative of the previous term $n!1 (see for instance [48–50] or appendix A.2). Current

– 5 –

Finelli et al.  Single-field inflation constraints from 
CMB and SDSS data. Journal of Cosmology and 
Astroparticle Physics  2010

Larson et al.  WMAP7 2011

CMB+SDSSWMAP
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Measurements of inflation

• Super-horizon correlation.  Model independent signature inflation.

Larson et al. WMAP7 2011
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Inflation report card

Prediction Model Status

Lack of primordial relics generic

Flat Universe generic

Homogeneous and isotropic Universe generic

Existence of large scale structure generic

Super-horizon correlation in CMB generic

Gaussian random phases in the CMB generic*

Nearly scale invariant power spectrum shape

B-modes in the CMB polarization scale -
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Measure the B-modes

T

E

B

Page et al. WMAP3 2007
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Measurements of inflation

36 Komatsu et al.

Fig. 19.— Two-dimensional joint marginalized constraint (68%
and 95% CL) on the primordial tilt, ns, and the tensor-to-scalar
ratio, r, derived from the data combination of WMAP+BAO+H0.
The symbols show the predictions from “chaotic” inflation models
whose potential is given by V (!) ! !! (Linde 1983), with " =
4 (solid) and " = 2 (dashed) for single-field models, and " =
2 for multi-axion field models with # = 1/2 (dotted; Easther &
McAllister 2006).

culations of the SZ e!ect should be focused more on un-
derstanding the gas pressure profiles, both the amplitude
and the shape.

8. CONCLUSION

With the WMAP 7-year temperature and polarization
data, new measurements of H0 (Riess et al. 2009), and
improved large-scale structure data (Percival et al. 2009),
we have been able to rigorously test the standard cosmo-
logical model. The model continues to be an exquisite
fit to the existing data. Depending on the parameters,
we also use the other data sets such as the small-scale
CMB temperature power spectra (Brown et al. 2009; Re-
ichardt et al. 2009, for the primordial helium abundance),
the power spectrum of LRGs derived from SDSS (Reid
et al. 2009, for neutrino properties), the Type Ia super-
nova data (Hicken et al. 2009b, for dark energy), and the
time-delay distance to the lens system B1608+656 (Suyu
et al. 2009a, for dark energy and spatial curvature). The
combined data sets enable improved constraints over the
WMAP-only constraints on the cosmological parameters
presented in Larson et al. (2010) on physically-motivated
extensions of the standard model.
We summarize the most significant findings from our

analysis (also see Table 2, 3, and 4):

1. Gravitational waves and primordial power
spectrum. Our best estimate of the spectral index
of a power-law primordial power spectrum of curva-
ture perturbations is ns = 0.963±0.012 (68% CL).
We find no evidence for tensor modes: the 95% CL
limit is r < 0.24.29 There is no evidence for
the running spectral index, dns/d ln k = !0.022±
0.020 (68% CL). Given that the improvements on
ns, r, and dns/d ln k from the 5-year results are
modest, their implications for models of inflation
are similar to those discussed in Section 3.3 of Ko-
matsu et al. (2009b). Also see Kinney et al. (2008)

29 This is the 7-year WMAP+BAO+H0 limit. The 5-year
WMAP+BAO+SN limit was r < 0.22 (95% CL). For comparison,
the 7-year WMAP+BAO+SN limit is r < 0.20 (95% CL). These
limits do not include systematic errors in the supernova data.

and Finelli et al. (2009) for more recent surveys of
implications for inflation. In Figure 19, we compare
the 7-yearWMAP+BAO+H0 limits on ns and r to
the predictions from inflation models with mono-
mial potential, V (!) " !!.

2. Neutrino properties. Better determinations of
the amplitude of the third acoustic peak of the
temperature power spectrum and H0 have led to
improved limits on the total mass of neutrinos,
!

m" < 0.58 eV (95% CL), and the e!ective num-
ber of neutrino species, Ne! = 4.34+0.86

!0.88 (68% CL),
both of which are derived from WMAP+BAO+H0

without any information on the growth of struc-
ture. When BAO is replaced by the LRG power
spectrum, we find

!

m" < 0.44 eV (95% CL), and
the e!ective number of neutrino species, Ne! =
4.25+0.76

!0.80 (68% CL).

3. Primordial helium abundance. By combining
the WMAP data with the small-scale CMB data,
we have detected, by more than 3", a change in
the Silk damping on small angular scales (l ! 500)
due to the e!ect of primordial helium on the tem-
perature power spectrum. We find Yp = 0.326 ±
0.075 (68% CL). The astrophysical measurements
of helium abundance in stars or HII regions pro-
vide tight upper limits on Yp, whereas the CMB
data can be used to provide a lower limit. With
a conservative hard prior on Yp < 0.3, we find
0.23 < Yp < 0.3 (68% CL). Our detection of he-
lium at z # 1000 contradicts versions of the “cold
big bang model,” where most of the cosmological
helium is produced by the first generation of stars
(Aguirre 2000).

4. Parity violation. The 7-year polarization data
have significantly improved over the 5-year data.
This has led to a significantly improved limit on
the rotation angle of the polarization plane due to
potential parity-violating e!ects. Our best limit is
"# = !1.1"± 1.3" (statistical)± 1.5" (systematic)
(68% CL).

5. Axion dark matter. The 7-year
WMAP+BAO+H0 limit on the non-adiabatic
perturbations that are uncorrelated with curvature
perturbations, #0 < 0.077 (95% CL), constrains
the parameter space of axion dark matter in
the context of the misalignment scenario. It
continues to suggest that a future detection of
tensor-to-scalar ratio, r, at the level of r = 10!2

would require a fine-tuning of parameters such as
the misalignment angle, $ < 3$ 10!9, a significant
amount of entropy production between the QCD
phase transition and the big bang nucleosynthesis,
% < 0.9 $ 10!9, a super-Planckian axion decay
constant, fa > 2 $ 1026 GeV, an axion contribu-
tion to the matter density of the universe being
totally sub-dominant, or a combination of all
of the above with less tuning in each (also see
Section 3.6.3 of Komatsu et al. 2009b). The 7-year
WMAP+BAO+H0 limit on correlated isocur-
vature perturbations, which is relevant to the
curvaton dark matter, is #!1 < 0.0047 (95% CL).

Komatsu et al.  WMAP7 2011

WMAP+BAO+SN
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What about ‘r’?

• Only upper limits.

• Upper limit from CMB only:  r < 0.21.

• Upper limit from CMB + SN + BAO: r < 0.17

• r ~ 0.01 would suggest GUT physics is relevant for inflation

• lower limit on lifetime of protons 

• extreme extrapolation of gauge coupling (10 orders of magnitude!)

Keisler et. al. A Measurement of the Damping Tail of the Cosmic Microwave Background Power 
Spectrum with the South Pole Telescope.  ApJ. Vol 743, Issue 1.
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Design of an instrument to detect B-modes
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2.725 K Blackbody

70 µK Anisotropy

300 nK Polarization

? 30 nK B-modes

Faint signal Sensitive detectors
Systematic error control

Challenge Requirement CLASS solution

Many background limited detectors

Fast front-end polarization 
modulation

Symmetric beams with good 
polarization purity 

Look where the signal is strong

Design of CMB B-mode search
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Foreground 
contamination

Multi-frequency 
observation

Challenge Requirement CLASS solution
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Figure 1: (Left:) The frequency bands in which this instrument will observe are chosen to straddle
the Galactic foreground spectral minimum and to minimize atmospheric e�ects. The atmosphere
shown is from the Atacama with 1 mm precipitable water vapor. Synchrotron and dust spectra
are based on WMAP 5-year data15. This instrument complements the higher frequency coverage
of other instruments, such as PIPER, SPIDER, and EBEX so the combined data are especially
e�ective at separating foreground signals from the CMB. (Right:) B-mode CMB anisotropy power
is shown as a function of multipole moment, with large angular scales on the left. Direct B-mode
measurement 95% confidence upper limit band averages from previous experiments are shown
as horizontal bars. The B-mode power curve resulting from the E-mode to B-mode conversion
by lensing, a confusing foreground, is shown. Current direct B-mode observations at ⇧ � 100
give r < 0.7 while CMB temperature anisotropy limits from WMAP (not shown) imply r < 0.2.
The limits on r that are set by using temperature data alone are expected to be restricted to
r > 0.13.16,17 The proposed polarimeter has the sensitivity to definitively detect B-modes at the
cosmologically interesting limit of r � 0.01. The sensitivity curve, shown by the dashed curve
along the shaded boundary, is the 1� limit for each ⇧ and assumes 3 years of observing with a
conservative 50% e⇤ciency for down-time. A ⇧ < 10 band average has substantial sensitivity
margin for a r � 0.01 detection. The instrument, observing near the frequency of minimum
Galactic foregrounds, achieves maximum sensitivity at the “reionization bump” and avoids the
lensing contamination that dominates at small scales. Additional experiments are either not yet
funded or have not yet produced results. For example, ESA’s Planck satellite has 32 polarization-
sensitive bolometers to achieve a projected sensitivity of r � 0.1, while the future balloon-borne
instruments PIPER, SPIDER18, and EBEX19 are not designed to straddle the foreground minimum
and/or are not as sensitive as the proposed instrument to the reionization bump.

FTEs, so it is possible for specific individuals to be engaged in more than one of these research
areas simultaneously during the shared use of the instrument.

Research Training Enabled: Johns Hopkins undergraduate and graduate students have already
been deeply involved in the successful technology development e�orts that have led to this proposal
and we budget for students to continue to be heavily involved in the development of the instrument.
There is no better way to train future instrumentalists. A wider circle of students will be introduced
to the instrument and its objectives through classroom activities. Postdoctoral scientists will take
responsibility for specific parts of the development so that they gain experience in leadership and

4

Atmosphere

Synchrotron radiation

Dust emission

Design of CMB B-mode search
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Gravitational 
Lensing

B-modes

Avoid or delens

Challenge Requirement CLASS solution

Focus on 
reionization bump

Design of CMB B-mode search

Page et al. WMAP3 2007
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State of the field
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State of the field
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State of the field
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State of the field
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CLASS overview

• Front-end rapid polarization 
modulation

• Combine clean coherent techniques 
with bolometric sensitivities. 
Detectors operate at 100 mK.

• Low cross-polarization and symmetric 
beams

• Observe over 65% of the sky.

Frequency Detectors telescopes Resolution
40 GHz 36 pairs 1 1.5o

90 GHz 300 pairs 2 40’
150 GHz 60 pairs 1 24’

VPM

Cryogenic receiver
Thursday, April 26, 12



Sky coverage

65 % of the sky is visible above 45o zenith angle.

Figure from David Larson
Thursday, April 26, 12



Location

• Atacama desert in northern Chile.

• Altitude = 5180 m (16,995 ft)

• Atmospheric moisture content 
around 1 mm PWV. (typical global 
value ~25 mm)

ALMA

APEX

QUIET

ACT

CLASS

Polarbear

TAO
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Modulator 
Technology

• 50 cm diameter prototype grid 
constructed.

• Electromagnetic performance 
verified.

to measurements of the VPM, and the results are discussed in section 7.

2. The Variable-delay Polarization Modulator (VPM)

Wire     Grid

Input Port Output Port

Mirror

!

d
2!

g

Fig. 1. The VPM consists of a polarizing grid placed in front of and parallel to

a planar mirror. The polarization parallel to the grid wires is reflected by the

grid. The orthogonal linear polarization passes through the grid and is reflected

o! the mirror. The two components are recombined at the output port with

a relative phase delay that is dependent upon the grid-mirror separation, d.

The wire grid spacing or pitch is indicated by g.

The VPM consists of a polarizing grid positioned parallel to and in front of a mirror. A

change in grid-mirror separation corresponds to a change in introduced phase between two

linear orthogonal polarizations. The device is show in Figure 1. Choosing coordinates such

that Stokes Q gives the di!erence between the polarization states parallel and perpendicular

to the VPM wires, the polarization transfer function can be expressed as

U ! = U cos ! + V sin !. (1)

Here U and U ! are the input and output Stokes U parameter, and V is the input circular

polarization. Here ! is the electrical phase delay between the polarized component transmit-

ted by and that reflected by the grid upon recombination at the output port of the device.

This is the phase of interest when using the VPM as a modulator.

In the limit in which the wavelength is much larger than the length scales that characterize

the local grid geometry, the VPM phase is proportional to the path di!erence between the

two polarizations,

!" =
4"d

#
cos $, (2)

3

Modulation

Measured response
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n 
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l

d/�Chuss et. al.  Applied Optics 2011.
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VPM other methods

Modulator 
Technology
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Optical design for 40 
and 90 GHz

• Catadioptric architecture

• Entrance pupil located at front-
end VPM.

• Warm mirrors

• 4 K HDPE lenses

• 18o diameter field-of-view

• Strehl ratio > 0.99

Co-polar beams X-polar beams

< 30 dB

1 m
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!

Telescope mount

• Designed by Antedo

• 2’ pointing repeatability

• +/- 200o azimuth rotation

• 0o-90o elevation drive

• 2 degrees/sec azimuth scan

Thursday, April 26, 12



Cryogenic Receiver 
Design

• Designed and built by BlueFors 
cryogenics.

• Pulse-tube cooler backed 
horizontal dilution refrigerator.

• 50 μW of cooling power at 100 mK.
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       Helsinki, April 10, 2012 
 

BlueFors Cryogenics Oy Ltd   
Arinatie 10   
00370 Helsinki   
FINLAND Contact: Dr. Rob Blaauwgeers 
VAT no: FI21832199 Email: rob@BlueFors.com 
Web: www.BlueFors.com Our ref: BFUS0312-02.4 
 
 

To: 
Dr. Joseph Eimer 
Department of Physics and Astronomy 
The Johns Hopkins University 
Baltimore MD, 21218 
USA 
 
 

Custom designed large-diameter horizontal cryogen-free dilution 
refrigerator system for CLASS40 project 

 
The system includes the following components: 

x Cryomech Inc. PT410-RM pulse tube cryocooler with compressor. 
x Horizontal dilution refrigerator insert with custom designed large flanges. 
x Basic support frame (not tilt). 
x Custom vacuum can and radiation shield assembly with view port. 
x Custom compact Gas Handling System / Control Unit. 
x All interconnecting pumping lines. 
x Temperature read-out / controlling electronics (Price Quoted Separately). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The horizontal dilution refrigerator insert (w/ small diameter flanges) 
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1. Cryomech Inc pulse tube refrigerator and compressor 
 

The Cryomech PT410-RM pulse tube cryocooler (with remote motor), with cooling power 
of 40 W at 45 K and 1 W at 4.2 K, on the first and second stages respectively, provides 
the cryogenic cooling power of the dilution refrigerator without the need for liquid 
cryogens. Specifically, the PT410: 
1. Pre-cools all components of the dilution refrigerator insert to ~50K or 4.2K through 

integrated heat switches. 
2. Cools the radiation shields of the cryostat during operation. 
3. Provides two stages of pre-cooling for the circulated 3He gas as it returns to the 

cryostat. 
4. Provides additional cooling power (>0.5 W at 4K) to heat sink experimental wiring. 
 
Although the pulse tube cryocooler must be in good thermal contact with the insert and 
radiation shields, it must also be well mechanically decoupled from them to ensure low 
vibration levels. The measured value (0-200Hz) of the vibration amplitudes on all flanges 
are < 0.1 ȝm (see Appendix A). 
 
The cool down time from room temperature to base temperature is expected to be ~20 
hours, see Appendix B. 
 
The PT410 cryocooler makes available >0.5W of cooling power at the 4K flange for 
experimental heat sinking. If required (e.g. if the experimental services required impose a 
heavy heat load on the 60K and 4K flanges) a more powerful cryocooler, the Cryomech 
PT415, can be fitted at additional cost. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2 m
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40 GHz Focal Plane

Light from 
telescope

Focused 
onto 

detectors Integrated back short

Smooth-walled
feed horns
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Probe 
Antennas

Leg-Isolated
TES Membranes

Filter

Magic TeeB
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Detector technology

FIGURE 5. Photograph of a completed detector chip. The 
triangular leads of the OMT are visible suspended on the clear 
silicon nitride membrane in the center of the chip. Three TES 
islands are visible at the left, top, and right of the figure, one of 
which is not coupled optically and will be used for calibration. 
Bond pads for connecting to the readout circuit are at the 
bottom of the figure. 

coming radiation from a corrugated feedhorn through a 
coplanar-waveguide-to-microstrip transition. After pass-
ing through on-chip lowpass filters, the microstrip lines 
terminate in lossy meanders that deposit power onto sep-
arate TES bolometers. For more details on detector de-
sign and characterization see [9, 10, 11, 12, 13]. Extrap-
olating data taken from dark tests and assuming a 50% 
optical efficiency, the ABS detectors should achieve a 
sensitivity of 300 jiK^/s in the field. 

The TES bolometers will be time-domain multiplexed 
and amplified through three stages of SQUIDs, read out 
by a Multi-Channel Electronics (MCE) system provided 
by the University of British Columbia. This will allow 
for the 240 polarimeters in ABS to be read out with 
a minimum of wiring to room temperature, which is 
important in reducing thermal loading on the 300 mK 
stage of the cryogenics. 

CONCLUSIONS 

The ABS design and construction is underway and on 
schedule for deployment in 2010. 
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• Symmetric architecture 
preserves polarization purity.

• Hybrid of coherent - bolometric 
technology.

• Transition-edge-sensor (TES) 
bolometers. Tc =150 mK

• On-chip band defining filters.
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Detector testing
Goddard Testbed

Custom Design with HPD ADR insert

Large capacity 4K shielded volume

Limited 100 mK hold time.

NIST (?) Warm Detector Electronics

Benchmarks: 
“Johnson Noise” measurements 2010-2012
Optical Loading measurements Feb 2012

Noise Measurements Feb 2012

To Do: 
Lengthen hold time (?)

Friday, March 2, 2012

Johns Hopkins Testbed

HPD Olympus Dry ADR Cryostat

Large capacity 4K shielded volume

Measured 19 hour 100 mK hold time with 
2 uW load (minimal thermal mass)

Multi Channel Electronics

Amuneal Magnetic Shielding

Benchmarks: 
First 4-lead Tc Checks Feb 01, 2012

First IV curves measured Feb 23, 2012

To Do: 
Check/Improve Noise Environment

Develop Software for Test Automation/Analysis

Friday, March 2, 2012

Columbia Testbed
HPD Ranier Dry ADR Cryostat

Modest capacity 4K shielded volume

Measured 22 hour 100 mK hold time with 
1 uW load (no thermal mass)

Ross’s Slick Adaptation of Norm’s Electronics

No Shielding Yet

Benchmarks: 
Warm electronics and 4K board with SA.

Bottom-up software development underway. 

To Do: 
Get cold electronics in place

Develop Software for Test Automation/Analysis
Design/order magnetic shielding (?)

Friday, March 2, 2012

JHU

Columbia

Goddard
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Raw Sensitivity

CLASS

First light in the Austral summer of 
2013-2014
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CLASS

• Inflation naturally explains many otherwise strange observations of the 
Universe.

• Inflation resides at the intersection of gravity and quantum mechanics - one of 
the few accessible ways to probe this overlap.

• The B-mode signal, combined with CMB temperature anisotropy, is an 
measure of the energy scale of inflation.

• Through innovative technology and careful design, CLASS will perform a 
powerful search for the B-modes.

• With our anticipated sensitivity, CLASS will either detect or rule-out single 
field GUT inflation.
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Thank you.
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Simple models of inflation

• Single scalar field, slow-roll models

• Klein-Gordon equation (interpreted through the lens of the continuity 
equation) gives density and pressure in terms of the field and its potential.

• Quantum fluctuations, interpreted as perturbations, can be Fourier expanded.  

• The power spectrum of these fluctuations, subject to the transfer function, is 
the observable quantity.
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Generation of B-modes

• Single field, slow-roll models
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